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A B S T R A C T

The biological functions of rare-earth elements (REEs) have become a focus of intense research. Recent studies
have demonstrated that ion doping or alloying of some REEs can optimize the properties of traditional bio-
materials. Europium (Eu), which is an REE with low toxicity and good biocompatibility, has promising appli-
cations in biomedicine. This article systematically reviews the osteogenic, angiogenic, neuritogenic, antibacterial,
and anti-tumor properties of Eu-containing biomaterials, thereby paving the way for biomedical applications of
Eu. Data collection for this review was completed in October 2022, and 30 relevant articles were finally included.
Most articles indicated that doping of Eu ions or Eu-compound nanoparticles in biomaterials can improve their
osteogenic, angiogenic, neuritogenic, antibacterial, and anti-tumor properties. The angiogenic, antibacterial, and
potential neuritogenic effects of Eu(OH)3 nanoparticles have also been demonstrated.
1. Introduction

Rare-earth elements (REEs) are of great interest in materials science.
Some studies have shown that doping REEs in biomaterials can improve
their biological properties [1–4]. For example, doping of cerium (Ce) and
Gallium (Ga) can promote bone regeneration and antibacterial activity
[5–9].

Europium (Eu) is the softest, most volatile, and most active REE. It
generally exists in the trivalent form [10]. This element is primarily used
in industrial applications [11,12]. Indeed, the fluorescence of Eu was the
first aspect exploited for medical applications. Eu has been widely used as
a fluorescent agent for cell imaging [13–17], monitoring of drug release
behavior [10,18–21], and quantitative detection [22–24]. Certain ma-
terials doped with Eu ions can also be used as photo-inducers for therapy
and pH or temperature biosensors [25–30].

It's indicated that Eu-containing biomaterials possess osteogenic,
angiogenic, neuritogenic, antibacterial, and anti-tumor properties. The
excellent biological functions of Eu have increased interest therein for
biomedical applications. The osteogenic and angiogenic properties of Eu
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deposited in bone renders it suitable for bone tissue engineering [13,
31–34]. In 2016, it was demonstrated that Eu-doped mesoporous
bioactive glasses (Eu-MBGs) promoted osteogenesis in vivo [35]. The
neuritogenic properties of Eu are another reason why it is of interest in
tissue engineering [36,37]. Europium-doped hydroxyapatite (Eu-HAp)
can increase neurite length [38]. The antibacterial properties of Eu,
which are concentration-dependent, are also important [39–44]. Its
antibacterial behavior has promoted the development of antibiotic-free
antibacterial agents exploiting antibacterial ion release, which helps to
reduce the risk of infection. In addition, a few studies have also
mentioned the possibility of using Eu-doped materials in anticancer
therapy [45–51].

The biological functions of europium-containing biomaterials are of
increasing interest. This systematic review summarizes studies on the
osteogenic, angiogenic, neuritogenic, antibacterial, and anti-tumor
properties of Eu-doped biomaterials and Eu compounds, and discusses
the possible mechanisms underlying its biological functions, to lay a solid
foundation for the application of Eu in biomedicine in future.
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2. Materials and methods

2.1. Objective of the study

The objective of this review was to systematically review the pub-
lished literature concerning the osteogenic, angiogenic, neuritogenic,
antibacterial, and anti-tumor properties of Eu, to pave the way for in-
depth research and exploration of the mechanisms and application of
Eu in biomedicine.

2.2. Inclusion and exclusion criteria

2.2.1. Inclusion criteria

� Articles analyzing the relationships among Eu-doped biomaterials (Eu
ions, Eu oxide, and Eu hydroxide), Eu compounds and their osteo-
genic, angiogenic, neuritogenic, antibacterial, and anti-tumor
properties.

� Evaluation of Eu-doped biomaterials through comparison with
matched Eu-undoped biomaterials.

2.2.2. Exclusion criteria

� Reviews, books, meetings, patents, letters, and literature updates.
� Duplicate studies.
� Studies with no control group.
� Articles without full text.

2.3. Search strategy

The following databases were searched: Embase, PubMed, and Web
of Science (from 2002 to July 2022). The search field was “title or ab-
stract”, and the search terms were as follows: (Europium) AND ((anti-
bacterial) OR (osteogenesis) OR (angiogenesis) OR (tissue regeneration)
OR (neuritogenic) OR (neurodegenerative) OR (nerve regeneration) OR
(anti-tumor) OR (anticancer)). A total of 303 articles (PubMed, n ¼ 63;
Embase, n¼ 86; Web of Science, n¼ 154) were identified. The references
of the included studies were also examined.

2.4. Article screening method

Duplicate articles, reviews, books, meetings, patents, letters, and
literature updates were removed, and the titles and abstracts of the
Fig. 1. Details of the stu
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remaining hits were screened based on the inclusion and exclusion
criteria. Then, the full texts of the selected articles were read for more
detailed screening. The references of the included articles were also
examined. The final review included 30 articles. The detailed screening
process is presented in Fig. 1.

2.5. Quality assessment

The risk of bias was assessed according to the Methodological Index
for Non-Randomized Studies (MINORS) scale [52,53]. The 12 evaluation
items [54] were scored from 0 to 2. A non-comparative study with a score
>16 was considered ideal.

3. Results

3.1. Study selection and results

In total, 303 articles were retrieved from the three databases, 145 of
which were duplicates and were thus excluded. After removing patents,
reviews, and books, 119 articles remained. After full-text screening, 28
articles remained. Two articles were added on the basis of the assessment
of the reference sections of the included articles. Ultimately, 30 studies
were included; their details are provided in Tables 1–8. The results
shown that doping of Eu ions or Eu-compound nanoparticles in bio-
materials can improve their osteogenic, angiogenic, neuritogenic, anti-
bacterial, and anti-tumor properties (Fig. 2). The researches on this field
have increased year by year and gradually become a research hotspot
(Fig. S1).

3.2. Europium and osteogenesis

Promoting bone regeneration is a crucial aspect of tissue engineering.
Doping an appropriate amount of Eu ions can improve the osteogenic
properties of bioactive materials, such as bioactive glasses (BGs) [13,35,
33], HAp [55], and calcium polyphosphate scaffolds [31]. Details of the
included studies concerning the relationship between Eu and osteo-
genesis are presented in Tables 1 and 2

Bioactive glasses have been widely used in bone tissue engineering
[64,65]. Doping of Eu can improve the osteogenic property of BGs [13,
35,33]. Europium can up-regulate the expression of osteogenic genes and
induce the osteogenic differentiation of mesenchymal stem cells (MSCs)
in vitro. In vivo experiments have shown that Eu-doped biomaterials can
promote new bone formation. Wu et al. proposed that the doping of Eu
dy selection process.



Table 1
Osteogenic properties of europium in vitro.

Biomaterial The form of
europium

Experimental group Control
group

Cell type Cell
proliferation
assessment

Cell osteogenic
differentiation
assessment

Results Reference

Europium-doped
calcium
polyphosphate

Eu3þ

(EuPO4)
CCP 1, 3, 5, 7% EuCCP
(1% europium/calcium
molar ratio 1:99)

Blank
control
group

MC3T3-
E1

CCK-8 assay ELISA: ALP, OPN,
osteoprotegerin/NF-kB
receptor activator
ligand ratio

Increased secretion of
osteogenesis-related
proteins. The greatest
response: 5% group.

2022
[31]

nHAp/
PLLA@Eu3þ

Eu3þ

(Eu(NO3)3)
10 wt% nHAp/
PLLA@3 mol% Eu3þ

10 wt%
nHAp/
PLLA@0
mol% Eu3þ

hASCs BrdU
incorporation
assay

Alizarin Red staining; p-
NPP hydrolysis; ELISA;
RT-qPCR; Western blot

Increased
osteogenesis-related
markers. The greatest
response: 3 mol% Eu3þ

group.group.

2020
[55]

Eu-BGNs Eu2O3 Eu-BGN (1, 3, 5%) BGN hMSCs MTT assays ALP staining; COL I
staining; RT-PCR

Increased expression of
the osteogenic genes.
Better group: 3 mol%
group.

2018
[33]

Eu-MSNs Eu3þ

(Eu(NO3)3)
2Eu-MSN (Eu: 2 mol%,
200 μg/mL)

MSN Rat
BMSCs;
RAW
264.7

MTT assays RT-qPCR; Western blot;
Alizarin Red S staining

Increased
osteogenesis-related
markers.

2017
[13]

Eu-MBG Eu3þ

(Eu(NO3)3)
1, 2, 5 Eu-MBG;
Different
concentrations of 5Eu-
MBG (6.25, 25, 100
mg/mL)

MBG BMSCs MTT assays RT-qPCR Increased expression of
osteogenic genes.
Better group:
12.5–100 mg/mL 5Eu-
MBG.

2016
[35]

CCP, calcium polyphosphate; EuCCP, europium-doped calcium polyphosphate; MC3T3-E1, mouse embryonic osteoblast precursor cells; ALP, alkaline phosphatase;
OPN, osteopontin; NF-kB, nuclear factor-k-gene binding; nHAp/PLLA@Eu3þ, polylactic acid with nano-hydroxyapatite doped with europium (III) ions; hASCs, human
adipose-derived stromal cells; BrdU, 5-bromo-2-deoxyuridine; p-NPP, 4-Nitrophenyldihydrogenphosphate; ELISA, Enzyme-linked Immunosorbent Assay; RT-qPCR,
Real Time Quantitative Polymerase Chain Reaction; Eu-BGNs, Eu-doped bioactive glass nanoparticles; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide; COL I, human collagen type I; MSCs, mesenchymal stem cells; Eu-MSNs, Eu-doped mesoporous silica nanospheres; Eu-MBG, Eu-doped mesoporous
bioactive glasses; BMSCs, bone marrow mesenchymal stem cells.

Table 2
Osteogenic properties of europium in vivo.

Biomaterial The form of
europium

Experimental group Control
group

Animal model Evaluation method Results Reference

Eu-MSNs Eu3þ

(Eu(NO3)3)
M-P; Eu–P Polymer Sprague–Dawley rats; male; 10 weeks;

full-thickness cranial defects
(diameter: 5 mm)

Micro-CT, BV/TV, VG
staining

Eu–P group: increased
new bone formation.

2017
[13]

Eu-MBG Eu3þ

(Eu(NO3)3)
1, 2, 5Eu-MBG (0,
1, 2, 5 mol%)

MBG OVX rats: femur defects; Monocortical
bone defects (diameter: 3.5 mm; depth:
5 mm)

SEM; Micro-CT; BV/TV;
Trabecular thickness; VG
staining.

5Eu-MBG possesses
the best osteogenic
effect.

2016
[35]

Eu-MSNs, Eu-doped mesoporous silica nanospheres; M � P, MSNs þ polymer film; Eu–P, Eu-doped M-P; BV/TV, bone volume fraction, bone volume/total volume; VG,
Van Gieson; Eu-MBG, Eu-doped mesoporous bioactive glasses; OVX, ovariectomized; SEM, scanning electron microscope.
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ions into mesoporous bioactive glass (MBG) scaffolds can promote
osteogenesis. Compared with undoped MBGs, Eu-MBGs can up-regulate
the expression of most osteogenic genes in bone marrow mesenchymal
stem cells (BMSCs). In an ovariectomized (OVX) rat model of femoral
defects, Eu-MBG scaffolds significantly promoted the formation of new
bone in bone defect sites. The bone volume fraction (BV/TV) of the
5Eu-MBG (Eu: 5 mol%) group (47.71 � 4.01%) was higher than that of
the MBG group (26.81 � 4.41%), and the 5Eu-MBG group (27.15 �
4.31% and 46.53 � 3.44%) had a more extensive area of new bone area
than the other groups (MBG group, 13.36 � 1.76% and 25.80 � 3.48%;
2Eu-MBG group, 21.73 � 2.59% and 36.58 � 3.19%) [35]. Studies on
hMSCs and rat MSCs (rMSCs) reported that Eu-doped bioactive glasses
(Eu-BGs) can stimulate the osteogenic differentiation of hMSCs and
enhance the expression of osteogenic genes. A 25% Eu-BG extract
significantly stimulated the proliferation of rMSCs [33,66]. A study on
Eu-MBGs reported that appropriate doping of Eu ions induced apatite
mineralization, and an increased doping level changed the morphology
from sheet to rod [10]. Compared with mesoporous silica nanospheres
(MSNs), Eu-doped MSNs (Eu-MSNs) can induce pro-inflammatory re-
sponses of macrophages, which modulate the immune microenviron-
ment. The modulated microenvironment can further induce the
3

osteogenic differentiation of BMSCs and significantly up-regulate the
expression of osteogenic genes, such as osteocalcin (OCN). An in vivo
study confirmed that Eu-doped MSNs can better promote bone formation
of critically sized cranial defects compared with MSNs alone [13,67].

Hydroxyapatite has been widely explored in the context of bone tissue
engineering [68,69]. Hydroxyapatite crystals can combine with many
materials or ions without any change in its geometric structure. Eu ions
can replace calcium (Ca) ions, thereby changing material properties.
Marycz et al. demonstrated that doping of 3% mol Eu3þ into 10 wt%
polylactic acid with nano-hydroxyapatite (10 wt% nHAp/PLLA@3%
Eu3þ) scaffolds improved the survival rate of adipose-derived stromal
cells (ASCs) and shortened the population doubling time of ASCs. Scaf-
folds of 10 wt% nHAp/PLLA@3% Eu3þ induced marked accumulation of
Coll-1 in hASCs, facilitated the secretion of OCN, and increased the
mRNA levels of BMP-2 and BMP-7. These findings confirmed that
Eu-doped scaffolds are osteoinductive [55]. Europium-doped fluo-
rapatite (Eu-FHAp) nanorods promoted the growth of BMSCs. However,
Eu did not affect the ability of Eu-FHAp to promote osteogenic differ-
entiation of BMSCs [16].

Multifunctional Eu-doped calcium polyphosphate scaffolds are
currently attracting particular interest. Compared with pure calcium



Table 3
Angiogenic properties of europium in vitro.

Biomaterial The form of
europium

Experimental group Control group Cell type Cell proliferation
assessment

Cell angiogenic
differentiation
assessment

Results Possible mechanism Reference

Europium-doped calcium
polyphosphate

Eu3þ

(EuPO4)
CCP 1, 3, 5, 7%
EuCCP

Blank control
group

HUVECs CCK-8 assay ELISA Increased secretion of
angiogenesis-related proteins.
The best group: 5% group.

2022
[31]

Eu-MSNs (Eu: 1, 2, 3 mol%) Eu3þ

(Eu(NO3)3)
2Eu-MSNs (200 μg/
mL)

MSNs HUVECs RT-qPCR Increased expression of
angiogenic genes.

2017
[13]

Polyphenol–europium
assembly enabled functional
poly(l-lactic acid) nanofiber
mats

Eu3þ

(Eu(NO3)3)
PLLA-(TA/Eu)n (n ¼
1, 3, 5; n: the
number of
deposition cycles)

PLLA HUVECs CCK-8 assay RT-qPCR、Western blot Increased angiogenesis-
related markers. The best
group: n¼5

2021
[32]

EHNs Eu(OH)3 EHNs (10 μg/mL),
Cd (20 μM), Cd þ
EHNs

Control,
Spermine
NONOate
(SPNO,
10 μM);
positive
control

EA. hy926 cells,
NIH 3T3 cells

Methyl-[3H]-
thymidine
incorporation
assay

Scratch wound healing
assay; Boyden chamber
assay; Annexin V staining-
flow cytometry; Griess
assay; Western blot

EHN promotes the
proliferation and migration of
endothelial cells and
decreases the apoptosis of
them.

Activation of NO
signal pathway; Anti-
apoptosis

2020
[56]

Eu(OH)3 nanorods Eu(OH)3 Eu(OH)3 nanorods
(Eu-20, 50, 100 μg/
mL)

Untreated
control; VEGF
(10 ng/mL)

HUVECs [3H]-thymidine
incorporation
assay

Western blot: MAPK
activation analysis; Cell-
cycle analysis; Apoptosis
assay (TUNEL)

Dose-dependent increase in
endothelial cell proliferation
at 20–50 μg/mL; Less cell
proliferation at 100 μg/mL

Reactive oxygen
species (ROS); MAPK

2008
[57]

EHNPs Eu(OH)3 EHNPs 100 μg/mL Black control;
Positive
control
(VEGF)

Tg(flk:EGFP)
zebrafish
embryonic
primary cells

High throughput screening;
Fluorescence intensity

EHNPs increased GFP-
positive cells.

ROS: H2O2 2016
[58]

Dextran- capped Eu(OH)3
nanoclusters

Eu(OH)3 50 μg/mL Eu(OH)3
nanoclusters

TE buffer HUVECs MTT assay Western blot; RT-qPCR Increased proliferation of
HUVECs and the expression of
miR199a-3p

Up-regulate the
expression of miR-
199a-3p, which can
directly target ZHX1;
MAPK

2018
[59]

PCL scaffolds embedded with
EHNs

Eu(OH)3 PCL-EHNs-0.25, 0.5,
1, 2% (0.25, 0.5, 1,
2% EHNs) w/w

PCL HUVECs Western blot Phosphorylation of Akt
protein and VEGFR2
increased. Better group: EHNs
(0.5% w/w)

VEGFR2/Akt-
dependent.

2017
[60]

CCP, calcium polyphosphate; EuCCP, europium-doped calcium polyphosphate; HUVECs, Human umbilical vein endothelial cells; ELISA, Enzyme-linked Immunosorbent Assay; Eu-MSNs, Eu-doped mesoporous silica
nanospheres; RT-qPCR, Real Time Quantitative Polymerase Chain Reaction; PLLA-(TA/Eu)n, poly(l-lactic acid)-(tanic acid/europium)n; EHNs, Eu(OH)3 nanorods; VEGF, vascular endothelial growth factor; EHNPs, Eu(OH)3
nanoparticles; GFP, green fluorescent protein; TE buffer, Tris-EDTA buffer; ZHX1, zinc fingers and homeoboxes protein 1; PCL, Polycaprolactone; VEGFR2, vascular endothelial growth factor receptor 2; ROS, reactive
oxygen species; Akt, protein kinase B; MAPK, mitogen-activated protein kinase.
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Table 4
Angiogenic properties of europium in vivo.

Biomaterials The form of
europium

Experimental
group

Control group Animal model Evaluation method Results Possible
mechanism

Reference

EHNs Eu(OH)3 EHNs: 5 mg/kg Sham group
(nonischemic; surgical
control); Control
(ischemic; TE buffer
treatment)

Wistar rats; Hind limb
ischemia (intraperitoneal
injection)

Moor LDI2-HR laser Doppler
imager; H&E staining;
Immunofluorescence (Ki67,
α-SMA); Serum NO estimation

Blood perfusion of ischemic rats
treated with EHN increased rapidly
over time. Increased angiogenesis-
related markers. Increased NO level.

ROS mediated,
PI3K/Akt
dependent, NO
signaling pathway

2021
[34]

EHNs Eu(OH)3 EHNs (10 μg/mL),
Cd þ EHNs, Cd
(20 μM),

Control,
Spermine NONOate
(SPNO
10 μM)-positive control

Developing chick embryo
(fertile eggs of Vanaraja
chicken variety)

CEA assay; Measurement of blood
vessel growth (AngioQuant
software); Chick aortic arch tube
formation assay.

Better angiogenic effect in EHN þ Cd
group than in Cd group. The best
group: EHNs (10 μg/mL) group.

Enhanced NO
production through
eNOS activation.
Anti-apoptosis

2020
[56]

EHNs Eu(OH)3 EHNs: 1 and 10 μg TE buffer; VEGF-A (50
ng)

CAM CAM sprouting assays. Eu(OH)3 nanorods significantly
promoted vascular germination.

ROS， activation of
MAPK

2008
[57]

EHNPs Eu(OH)3 100 μg/mL EHNPs Blank control group Transgenic line
Tg(flk:EGFP) zebrafish live
embryos

Axioskop 2 Plus microscope,
AxioCam camera, OpenLab 4.0
software

Sprouts extended from the dorsal aorta.
Head vessels recovered (＞50%).

ROS 2016
[58]

FHAEs (0.5, 1, and 2
mg/mL; Eu2O3

nanorods: 0.5, 1,
and 2 mg/mL)

Eu2O3 FHAE hydrogel
(50 μL)

Blank control group, 3 M
group (commercial
dressing)

Female mice (25–30 g, 4
weeks old): full-thickness
skin wounds on dorsum
(diameter: 7 mm)

HE staining; Immunohistochemical
method

Increased angiogenesis-related
markers Decreased inflammatory
markers. Better group: FHAE-0.5.
(Eu2O3:25 μg)

ROS 2021
[61]

Eu-MSNs (Eu: 1, 2,
and 3 mol%)

Eu3þ

(Eu(NO3)3)
Polymer, M � P,
Eu–P

Control Diabetic mice (female
C57BL/6); full-thickness
wound on dorsal (diameter:
8 mm)

Counting the number of vessels;
Immunofluorescence; Masson's
trichrome stain

Eu–P group: the capillary network
around the wound center was tighter,
and collagen deposition, re-
epithelialization and blood vessel
density were significantly higher.

2017
[13]

PCL scaffolds
embedded with
EHNs

Eu(OH)3 PCL-EHNs-0.25,
0.5, 1, 2

PCL Fertilized eggs of the
Vanaraja strain chicken
variety

AngioQuant software Various angiogenesis parameters
(junctions, length and size) improved.
Better group: 0.5% EHNs group.

ROS 2017
[60]

PLLA-(TA/Eu)n Eu3þ

(Eu(NO3)3)
PLLA-(TA/Eu)n (n
¼ 3, 5)

Blank control group
(normal saline
treatment), PLLA

SD rats; Full-thickness skin
defect mode (diameter:1
cm)

Wound size reduction (%); H&E
staining; Masson staining;
Immunohistochemical staining

The wound healing effect increased
with increasing numbers of TA/Eu
deposition cycles (n).

2021
[32]

EHNs, Eu(OH)3 nanorods; TE buffer, Tris-EDTA buffer; CEA, Chick embryo Angiogenesis; α-SMA, α-smooth muscle actin; ROS, reactive oxygen species; PI3K, Phosphatidylinositol 3-kinase; Akt, protein kinase B; MAPK,
mitogen-activated protein kinase; eNOS, endothelial nitric oxide synthase; VEGF-A, vascular endothelial growth factor-A; CAM, Chick chorioallantoic membrane; EHNPs, Eu(OH)3 nanoparticles; FHAEs, europium oxide
nanorod-reinforced nanocomposites; Eu-MSNs, Eu-doped mesoporous silica nanospheres; M � P, MSNs þ polymer film; Eu–P, Eu-doped M-P; PCL, Polycaprolactone; PLLA-(TA/Eu)n, poly(l-lactic acid)-(tanic acid/
europium)n; SD rats, Sprague–Dawley rats.
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polyphosphate, the proliferation and migration of mouse embryonic
osteoblast precursor cells (MC3T3-E1 osteoblasts) cultured on Eu-doped
calcium polyphosphate scaffolds was superior, especially at the 5%
doping level. These scaffolds enhanced the secretion of alkaline phos-
phatase (ALP), which promoted the proliferation and differentiation of
osteoblasts. Notably, 5 mol% Eu3þ-doped calcium polyphosphate
simultaneously inhibited bone resorption. Hence, such scaffolds can
significantly promote osteogenesis [31].

At appropriate concentrations, Eu has positive effects on cell prolif-
eration and osteogenesis, but these effects are inhibited by high Eu
concentrations [70,71]. Most articles concluded that in the presence of
Eu3þ at the concentration of 3 or 5 mol%, the biomaterials showed better
osteogenic effect [35,31,33,55]. Only one article showed that the best
concentration of Eu3þ was 2 mol% [13]. In summary, the concentration
range of 1 mol% to 7 mol% can promote osteogenesis according to the
included studies.

3.3. Europium and angiogenesis

Some Eu-doped biomaterials can effectively promote angiogenesis in
vitro and in vivo. Yuchong et al. conducted a study on the angiogenic
ability of Eu-doped calcium polyphosphate scaffolds. The surface
roughness of the scaffolds promoted cell adhesion and spreading. Human
umbilical vein endothelial cells (HUVECs) seeded on the scaffolds
exhibited better proliferation and migration, and the secretion of VEGF
was enhanced by the scaffolds [31]. In vitro experiments established that
PLLA-(TA/Eu)n nanomaterials cocultured with HUVECs stimulated
angiogenesis by increasing the expression of angiogenic genes (e.g.,
CD31, FGF, and VEGF). The results of in vivo experiments confirmed that
PLLA-(TA/Eu)n nanomaterials can promote angiogenesis and enhance
antioxidant properties, which in turn promotes wound healing. The
wound closure rates of PLLA-(TA/Eu)3 (70.46%) and PLLA-(TA/Eu)5
groups (75.14%) were higher than that of control (58.32%) and PLLA
groups (66.14%) [32]. Shi et al. reported that Eu-MSNs can regulate the
immune microenvironment, enhance the expression of angiogenic genes
(e.g., CD31, VEGFR1, and VEGFR2), and promote angiogenesis in
HUVECs. In vivo experiments further indicated that Eu-MSNs could pro-
mote angiogenesis, as well as the deposition of collagen and reattach-
ment of epithelial cells at skin lesions; the Eu-MSNs had stronger
angiogenic ability than MSNs alone and effectively promoted skin heal-
ing [13]. Europium oxide nanorod-reinforced nanocomposites (FHAEs)
can significantly inhibit early inflammation, enhance the expression of
CD31 and α-SMA, and promote angiogenesis. In vivo experiments showed
that the material significantly promoted the healing of tissues and
wounds, and the regeneration of skin appendages [61,72].

Numerous in vivo and in vitro studies have demonstrated that Eu(OH)3
nanorods (EHNs) possess good angiogenic activity [34,56–60,73]. For
example, Nethi et al. evaluated their therapeutic effect on ischemic rats.
They reported enhanced blood flow of the ischemic part of rats treated
with EHNs. The motility of the rats also improved, and the expression of
angiogenic factors increased [34]. Key findings of the studies are pro-
vided in Tables 3 and 4

All the included articles suggested that EHNs promoted angiogenesis
at appropriate amount. R. Bhattacharya et al. reported EHNs caused a
dose-dependent increase in endothelial cell proliferation at concentra-
tions of 20–50 μg/mL. While at the concentration of 100 μg/mL, there
existed less cell proliferation [57]. Other studies confirmed that prolif-
eration of endothelial cells was stimulated under EHNs concentrations of
10 or 50 μg/mL [56,59]. H. Zhao et al. confirmed that Eu(OH)3 nano-
particles (EHNPs) promoted the endothelial differentiation of zebrafish
embryonic primary cells at the concentration of 100 μg/mL [58]. The
researches on Eu-doped biomaterials have demonstrated that the con-
centration range of Eu (1–5 mol%) promoting angiogenesis is similar to
that of Eu promoting osteogenesis [13,31].



Table 6
Antibacterial properties of europium.

Biomaterial The form of
europium

Experimental group Control group Methods Bacteria Results Reference

Bare and APTES-
coated Eu2O3

nanoparticles

Eu2O3 50 μL of bare and
APTES-coated Eu2O3

nanoparticles (100,
250, 500, 1000 ppm)

Sterile distilled
water

Effective zone
of inhibition

E. coli, P. aeruginosa,
S. aureus and
S. typhi

Bare Eu2O3 nanoparticles:
good antibacterial activity
against the texted
bacteria.

2018
[62]

Eu(OH)3 nanorods Eu(OH)3 2000 μg/mL Eu(OH)3
nanorods

Ciprofloxacin (CIP-5
μg), rifampicin (RS-5
μg), and fluconazole
(25 μg/mL)

Disc diffusion
assay; MIC
assay

S. aureus,
P. aeruginosa, E. coli
and C. albicans
(fungus)

Good antibacterial effect. 2022
[41]

Eu(OH)3
nanoparticles

Eu(OH)3 0.1 mg/mL of Eu(OH)3 0.1 mg/mL of
ampicillin

Disk diffusion
assay

E. coli Eu(OH)3/RGO suspension
exhibited the highest
E. coli growth inhibition

2021
[42]

Eu:HAp Ca10-xEux
(PO4)6(OH)2

Eu:HAp (0� xEU�0.2;
x ¼ 0.05, 0.1, 0.2)

Eu:HAp groups
compared with each
other

Disk diffusion
method

S. aureus,
P. aeruginosa,
E. faecalis, E. coli
and C. albicans
(fungus)

No antibacterial activity
was observed against
E. coli. The antibacterial
properties were Eu
concentration-dependent.

2013
[39]

Eu-HAp Eu3þ Eu-HAp ((Ca þ Eu)/P
¼ 1.67)

HAp Well diffusion S. aureus and E. coli Eu-HAp possesses higher
diameter of the growth
inhibition zone. (50, 100
μg/mL)

2022
[63]

Eu3þ-doped HAp
nanopowders

Eu3þ Eu3þ-doped
hydroxyapatite
nanopowders (2, 5 mol
% Eu3þ)

HAp nanopowders Microdilution E. coli and
K. pneumoniae

Differences were
nonsignificant.

2020
[43]

Eu3þ-doped
Ca10(PO4)6Cl2
nanoparticles

Eu3þ Eu3þ-doped
Ca10(PO4)6Cl2
nanoparticles (2 mol%)

Positive controls:
saline solution.
Negative controls:
apatite saline diluent

Microdilution P. aeruginosa, E. coli
and K. pneumoniae

Eu3þ-doped Ca10(PO4)6Cl2
did not exhibit
antibacterial properties.

2015
[44]

Eu(III)-2-
thioacetate
benzothiazole
complexes

Eu3þ(Eu(TAB)2Cl) Eu(III)-2-thioacetate
benzothiazole
complexes

2-thioacetic acid
benzothiazole

MIC assay E. coli and
Salmonella

The Eu-doped complexes
had stronger antibacterial
effects.

2012
[51]

APTES, 3-aminopropyltriethoxysilane; P. aeruginosa, Pseudomonas aeruginosa; E. coli, Escherichia coli; S. aureus, Staphylococcus aureus; K. pneumoniae, Klebsiella pneu-
moniae; S. typhi, Salmonella typhi; TAB, thioacetate benzothiazole; MIC, minimum inhibitory concentration; C. albicans, Candida Albicans; HAp, hydroxyapatite.

L. Wu et al. Materials Today Bio 19 (2023) 100595
3.4. Nerve regeneration and treatment of neurodegeneration

Nerve regeneration is another important aspect of tissue engineering.
Current research mainly focuses on the treatment of neurodegenerative
diseases and axonal injury, which mainly involves autophagy and the
enhancement of antioxidant capacity. All neuro-related experiments
were conducted in vitro and involved nanomaterials [36–38]. Many areas
about the potential neuritogenic properties of europium remain to be
explored and further in vivo experiments are needed. Details of the
reviewed researches are provided in Table 5.

Autophagy, which is beneficial for the treatment of neuro-
degeneration, accelerates the clearance of protein aggregates. Wei et al.
confirmed that EHNs can up-regulate the expression of autophagy-
related protein and reduce the expression of related substrate re-
ceptors. Accordingly, these nanorods can reduce the aggregation of
huntingtin protein through the induction of autophagy [37]. Alzheimer's
disease is the most well-known neurodegenerative disease. The main
pathological manifestations of Alzheimer's disease are neurofibrillary
tangles and Aβ (amyloid beta) plaque deposition. These changes may
lead to microglial neuroinflammation and neurodegeneration. Machhi
et al. found that EuCeO2 nanoparticles increased the expression of the
CD36 receptor, and subsequently improved Aβ phagocytic microglial
capabilities and enhanced Aβ degradation. These nanoparticles also
inhibited the inflammatory response of microglia, and could potentially
be deployed as immunomodulators of Alzheimer's disease [36].

Wiatrak et al. reported that nHAp-induced mitochondrial activity
elevation corresponded to increased neurite length. They studied po-
tential nerve regenerative and neurite-protective effects in neuron-like
cells. They also found that doping Eu ions into nHAp enhanced its anti-
oxidant properties. Europium ions influenced neuronal features even
more strongly than doping with Li alone [38].
7

3.5. Antibacterial properties of europium

The antibacterial properties of Eu help reduce the risk of infection.
The literature reviewed herein focused primarily on Pseudomonas aer-
uginosa (P. aeruginosa), Escherichia coli (E. coli), Staphylococcus aureus
(S. aureus), Klebsiella pneumoniae (K. pneumoniae), and Salmonella typhi
(S. typhi) bacteria [39,41–44,51,62,63]. The most commonly used
methods for evaluating the antimicrobial properties of Eu were the disk
diffusion method and minimum inhibitory concentration (MIC) assay.
Details of the studies are provided in Table 6.

Most studies have established that Eu-containing biomaterials exert
antibacterial effects mainly on P. aeruginosa, E. coli, and S. aureus at
appropriate concentrations. For example, Iconaru et al. reported that the
antibacterial properties of Eu-doped HAp nanomaterials depended on the
concentration of Eu ions. Moreover, at the concentration from 0.031 mg/
mL to 1mg/mL, the Eu-doped HAp nanomaterials possessed antibacterial
effect. When the concentration of Eu-doped HAp was in the range of
0.125–1 mg/mL, the inhibitory effect on P. aeruginosawas better [39]. In
most cases, for dopants at 5 mol% ratio, the Eu3þ-doped hydroxyapatite
nanoparticles had better antibacterial effect against Gram-negative bac-
teria such as K. pneumoniae, E. coli and P. aeruginosa. But this effect is
related to species and strains [43]. However, Iconaru et al. [39], Wiglusz
et al. [44], and Szyszka et al. demonstrated that Eu-doped HAp nano-
powders did not have antibacterial effects on E. coli [43,74], but the
specific mechanism was still unclear. Interestingly, the combination of
Eu3þ and Ag þ ions had a synergistic antibacterial effect, reducing the
bacterial number by 100%. The europium ion Eu3þ is readily reduced to
Eu2þ in air; the reported antibacterial activity may be related to the
interaction between Eu2þ and Ag þ ions [44].

The formation of bacterial biofilm is one of the important difficulties
in anti-infection therapy. The biofilm inhibition rate of Eu(OH)3



Table 7
Anti-tumor activity of europium in vitro.

Biomaterials The form of europium Experimental group Control group Cell type Methods Results Reference

Europium (III)-2-
thioacetate
benzothiazole

Eu3þ(Eu(TAB)2Cl) Europium (III)-2-
thioacetate
benzothiazole (1, 5,
10, 25, 50 mM)

Cisplatin MCF7,
hepG2, and
EAC cell
lines

Cell viability curves;
IC50 values.

Significant cytotoxic activity
against HepG2 and MCF7 cell
lines.

2012
[51]

Bis(acridine-9-
carboxylate)-
nitro-europium
dihydrate
complex

bis(acridine-9-
carboxylate)-nitro-
europium(III) dihydrate
complex

Bis(acridine-9-
carboxylate)-nitro-
europium dihydrate
complex

Cisplatin; 9-
acridine
carboxylic
acid

EAC cell
line

MTT assay Cell viability decreased with
increasing concentrations of
the complex.

2013
[45]

Europium selenide
nanoparticles

Eu3þ(EuCl3) Europium selenide
nanoparticles (1, 5, 10,
30, 50, 100, 300, 500,
1,000, 2000 μM）

Untreated
cells

HeLa,
SKOV-3,
and 293 T
cells

MTT assay Cell viability decreased. 2016
[50]

Eu-nHAp Eu3þ Eu-nHAp (Eu/(Ca þ
Eu): 5%)

Routinely
cultured
group

HUVECs MTT assay; Lactate
dehydrogenase
activity assay

Time- and dose-dependent
inhibitory effects on HUVECs
(0.3, 3, and 30 μg/mL);
Stimulation of LDH in a dose-
dependent manner.

2016
[49]

Eu3þ: nHAp @PLLA Eu3þ 10 wt%, 3 mol% Eu3þ:
nHAp @PLLA

Polystyrene Saos-2, U-2
OS, and
MG-63
cells

Confocal/scanning
electron microscopy;
MTS test; RT-qPCR.

High cytotoxicity to all OSA
cell lines.

2019
[48]

TAB, thioacetate benzothiazole; MCF7, human breast carcinoma cell line; hepG2, human liver carcinoma cell line; EAC, mouse Ehrlich ascites carcinoma; IC50, half
maximal inhibitory concentration; HAp, hydroxyapatite; HUVECs, Human umbilical vein endothelial cells; LDH, lactate dehydrogenase; PLLA, polylactic acid; Saos-2,
U-2 OS, MG-63, human osteosarcoma cell lines; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; RT-qPCR, Real
Time Quantitative Polymerase Chain Reaction; OSA, osteosarcoma.

Table 8
Anti-tumor activity of europium in vivo.

Biomaterials The form of europium Experimental group Control group Animal
models

Methods Results Reference

Europium(III)- 2-
thioacetate
benzothiazole

Eu3þ(Eu(TAB)2Cl) Europium(III)- 2-thio-
acetate benzothiazole
(4 mg/kg IP)

Vehicle
injection
(DMSO in PBS)

Swiss albino
mice
weighing
20–25 g

DNA extraction;
Immunohistochemistry;
Tumor mass

Anti-angiogenic
activity against EACs.
Reduction in solid
tumor mass.

2012
[51]

Bis(acridine-9-
carboxylate)-
nitro-europium
dihydrate
complex

Bis(acridine-9-
carboxylate)-nitro-
europium(III)
dihydrate complex

Bis(acridine-9-
carboxylate)-nitro-
europium dihydrate
complex (5 mg/kg
IP), 100 μL

Vehicle
injection
(DMSO in PBS);
9-acridine
carboxylic acid

Swiss albino
mice
weighing
20–25 g

DNA extraction;
Immunohistochemistry;
Tumor mass

Reduction in tumor
mass, number of EAC
cells, and microvessel
density. Formation of
nucleosomes of DNA
fragments.

2013
[45]

TAB, thioacetate benzothiazole; IP, intraperitoneal injection; DMSO, dimethyl sulfoxide; PBS, phosphate buffered saline; DNA, Deoxyribonucleic Acid; EAC, mouse
Ehrlich ascites carcinoma cells.

Fig. 2. Biological effects of europium. Europium (Eu)-containing biomaterials possess osteogenic, angiogenic, neuritogenic, antibacterial, and anti-tumor properties.
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nanorods against Pseudomonas aeruginosa (77.5 � 0.43%) was the high-
est, which could be considered as potential candidates to prevent the
formation of biofilm [41].

3.6. Anti-tumor properties of europium

Tumors are very harmful to human health, and producing safe and
effective anti-tumor drugs has long been a focus of research. Europium
has potential anti-tumor activity [45,47–51], but more studies are
needed to validate this.

Hussein et al. synthesized a new complex, Eu(III)-2-thioacetate ben-
zothiazole, which displayed anti-tumor properties when combined with
DNA. Their research indicated that the complex exserted anti-tumor ef-
fects via its anti-angiogenic activity; the density of microvessels and
expression of Flk-1 (VEGF receptor type-2) were reduced [51]. In vivo
experiments by Azab et al. demonstrated that the
bis(acridine-9-carboxylate)-nitro-europium dihydrate complex signifi-
cantly increased the level of caspase-3 compared with the complex
containing the simpler acridine ligand, which also exerted
anti-angiogenic effects by reducing Flk-1 [45]. There have been few
studies on the relationship between Eu ion and anti-tumor activity; the
most recent publication among those reviewed herein concerned the
interaction between Eu and DNA. Studies reported a strong interaction
between Eu2O3 and dsDNA, and that binding was independent of the ion
concentration in the surrounding area. Gel electrophoresis showed that
Eu2O3 did not interfere with drug intercalation into the double-helix
structure [47]. Various studies have demonstrated that Eu has the po-
tential to interact with nucleic acids, which could inform the design of
future metal-based anticancer drugs. Details of the studies are given in
Tables 7 and 8
Table 9
MINORS bias scale.

Evaluation [31] [32] [34] [6

Prospective collection of data 2 2 2 2
Contemporary groups 2 2 2 2
Clearly stated aim 2 2 2 2
Test group: Eu content in the materials: 0 (not reported), 1
(materials coated with Eu or approximate mixing ratio of Eu),
2 (precise mixing ratio of Eu)

2 1 2 2

Sample randomization 0 0 0 1
Condition of the samples during measurements 2 2 2 2
Standardized measurements standardization 2 2 2 2
Unbiased assessment of the study endpoint 0 0 0 0
Measurements method 2 2 2 2
Endpoints appropriate to the aim of the study 2 2 2 2
Adequate statistical analyses 2 2 2 2
Baseline equivalence of groups 2 2 2 2
Total score 20 19 20 2

Evaluation [41] [42] [43] [6

Prospective collection of data 2 2 2 2
Contemporary groups 2 2 2 2
Clearly stated aim 2 2 2 2
Test group: Eu content in the materials: 0 (not reported), 1
(materials coated with Eu or approximate mixing ratio of Eu),
2 (precise mixing ratio of Eu)

2 1 2 2

Sample randomization 0 0 0 0
Condition of the samples during measurements 2 2 2 2
Standardized measurements 2 2 2 2
Unbiased assessment of the study endpoint 0 0 0 0
Measurement methods 2 2 2 1
Endpoints appropriate to the aim of the study 2 2 2 2
Adequate statistical analyses 2 2 2 1
Baseline equivalence of groups 2 2 2 2
Total score 20 19 20 1
Sample randomization 0 0 0 0

0, not reported; 1, inadequately reported; 2, sufficiently reported.

9

3.7. Quality assessments

Table 9 lists the results of the quality evaluation. All of the included
studies had scores >16, indicating a low risk of bias.

4. Discussion

Combining traditional biomaterials with REEs has been a focus of
research for many decades. Europium is a potential therapeutic ion that
can act ionically or exert effects in the form of EHNPs. In most Eu-
containing biomaterials, Eu is added in the form of salt or hydroxide,
and occasionally in the form of oxide. Some Eu3þ-doped biomaterials and
EHNPs possess angiogenic, antibacterial, and neuritogenic properties.
Furthermore, doping with Eu ions can enhance the osteogenic and anti-
tumor properties of biomaterials. Promoting the regeneration of bone,
blood vessels, and nerves is beneficial for tissue defect healing. In
conclusion, Eu has great potential in biomedicine due to its osteogenic,
angiogenic, potential neuritogenic, antibacterial, and anti-tumor
properties.

4.1. The osteogenic property of europium

Researches have demonstrated that doping an appropriate amount of
Eu ions can improve the osteogenic properties of some bioactive mate-
rials, such as BGs, HAp, and calcium polyphosphate scaffolds. Most
included studies have confirmed that the appropriate doping of Eu can
up-regulate the expression of some osteogenic markers, such as ALP,
human collagen type I (COL I), OPN, and runt-related transcription factor
2 (Runx2). The concentration range of 1 mol% to 7 mol% can promote
osteogenesis according to the included studies. The results suggest that
1] [56] [55] [59] [33] [13] [60] [58] [35] [57] [63]

2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2

0 0 0 0 0 0 0 2 0 0
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2
0 0 0 0 0 0 0 0 0 0
2 2 2 2 2 2 2 2 2 1
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 1
2 2 2 2 2 2 2 2 2 2

1 20 20 20 20 20 20 20 21 20 18

2] [44] [39] [51] [37] [36] [38] [47] [48] [49] [50]

2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 1 2 2 2 2

0 0 0 0 0 0 0 0 0 0
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2
0 0 0 0 0 0 0 0 0 0
2 1 1 2 2 2 1 2 1 1
2 2 2 2 1 2 2 2 2 2
1 2 1 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2

8 19 19 18 20 19 19 19 20 19 19
0 0 0 0 0 0 0 0 0 0
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there is an optimal Eu concentration that will have the strongest growth-
promoting effect. Moreover, due to the variety of methods for doping Eu,
it is difficult to determine the optimal concentration. The effect of Eu on
osteogenesis needs to be further explored for future biomedicine appli-
cations. Current research on osteogenesis is mainly focused on Eu-doped
functional biomaterials, while the osteogenic properties of Eu com-
pounds and Eu alloys deserve further exploration.

The biological characteristics of Eu are mainly based on the similarity
between its structure and that of Ca. The radius of an Eu ion is close to
that of a Ca ion. Because Eu has larger ionic potential than Ca, Eu ions are
more likely to occupy Ca sites in biomaterials, which act as inhibitors or
biochemical probes of Ca ions [10]. Europium can potentially treat bone
mineral density disorders by functionally mimicking Ca and affecting the
bone remodeling cycle. However, the specific mechanism of osteogenesis
remains unclear. It is possible to affect the osteogenesis of biomaterials
by modulating Ca ion release, thereby changing the conformation of HAp
during the deposition of new bone and influencing the expression of
osteogenesis-related genes. Some studies have proposed that osteogenic
mechanisms for other REEs, such as Ce and lanthanum, might be related
to activation of the TGF signal pathway [75,76]. However, whether TGF
signaling is relevant to Eu remains to be verified.

Europium is rarely distributed in bone; thus, it could be applied
locally (by local injection or doping into stents) or be combined with
bone-targeting drugs (e.g., by combining it with bisphosphonates [77])
to repair bone defects [78]. Systemic application of bone-targeted drugs
is beneficial to the treatment of bone mineral density disorders such as
osteoporosis. Europium can also be incorporated into scaffolds for the
repair of local tissue defects [13,35]. The controlled release of Eu merits
further exploration, too. Alloying with appropriate amount of Europium
can enhance the mechanical properties of biodegradable metals, improve
the corrosion behavior and reduce the hemolysis rate, which is beneficial
to the application of biodegradable metals in bone tissue engineering
[71,79]. The osteogenic property of europium alloy can be further
studied in the future.
Fig. 3. Mechanism underlying the angiogenic properties of Eu(OH)3 nanoparticles.
thelial growth factor; PI3K, Phosphatidylinositol 3-kinase; Akt, protein kinase B; MA
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4.2. The angiogenic property of europium

Eu(OH)3 nanoparticles promote angiogenesis at appropriate amount.
The researches on Eu-doped biomaterials have demonstrated that the
concentration range of Eu (1–5 mol%) promoting angiogenesis is similar
to that of Eu promoting osteogenesis, which means that the biomaterials
containing Eu are conducive to promoting the generation of vascularized
bone in the application of bone tissue engineering.

The mechanism underlying the angiogenic properties of Eu has been
explored but remains unclear. It was reported that the angiogenic prop-
erties of Eu(OH)3 arose from to formation of ROS, especially H2O2 [72,
58,80–83]. Nethi et al. reported that EHNPs can promote the production
of H2O2, which in turn activates endothelial nitric oxide synthase (eNOS)
and promotes the production of NO through a PI3K-dependent pathway,
ultimately promoting angiogenesis [84]. Augustine et al. found that PCL
scaffolds embedded within EHNs enhanced the angiogenic properties of
HUVECs via a VEGFR2/Akt-mediated signaling pathway, as indicated by
protein expression [60]. The research of Li et al. on EHNPs confirmed
that up-regulated Mir-199a-3p is a key modulator of pro-proliferative
activity and can target zinc fingers and homeoboxes protein 1 (ZHX1)
[59,85,86]. This finding points to a potential strategy for treating
ischemic diseases, i.e., by combining nanomedicine and gene therapy
(Fig. 3).

Europium is promising for the treatment of ischemic diseases in the
future. Angiogenesis disorder is one of the important causes of coronary
and ischemic heart disease. Conventional treatments such as angioplasty
have several limitations, such as thrombosis and fibrosis [87–89].
Compared with the control group, the blood flow of ischemic limbs
increased in Wistar rats after intraperitoneal injection of EHNs [34].
After thorough biosafety studies, europium-containing biomaterials are
expected to be developed as a possible alternative treatment strategy. Eu
can promote angiogenesis and wound healing, which is potential to be
used in tissue engineering. However, before being explored in clinics, the
biosafety, immune response, biological distribution, metabolic effect and
bioavailability of Eu need to be investigated in detail in larger animals.
EHNs, Eu(OH)3 nanorods; ROS, reactive oxygen species; VEGF, vascular endo-
PK, mitogen-activated protein kinase; eNOS, endothelial nitric oxide synthase.
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4.3. The neuritogenic property of europium

There are few researches concerning the neuritogenic property of Eu.
As noted above, enhancing autophagy is beneficial for the treatment of
neurodegenerative diseases. Wei et al. revealed that EHNs did not induce
autophagy through the classical AMPK and AKT-mTOR signaling path-
ways, but rather activated the MEK/ERK1/2 signaling pathway. This
study also found that the combination of two autophagy inducers with
different mechanisms can stimulate autophagy through different
signaling pathways and enhance the clearance of intracellular protein
aggregates, which is conducive to better treatment of neurodegenerative
disorders [90]. Some studies have also shown that the ability of Eu to
promote neurite growth may be related to its antioxidant capacity. The
existing researches are limited to in vitro researches. Studies have shown
that Eu had a potential application in the treatment of axonal injury and
neurodegeneration. However, further primary neuron cultures and in vivo
experiments are still needed.

4.4. The antibacterial property of europium

Composite materials with long-term antibacterial effects have po-
tential utility for many medical devices. Studies have established that Eu-
containing biomaterials exert antibacterial effects mainly on
P. aeruginosa, E. coli, and S. aureus at appropriate concentrations.

There are few studies on the antibacterial mechanism of Eu. Kolmas
et al. advanced a hypothesis for the antibacterial mechanism of metal
ions. When entering bacterial cells, metal ions affect ATP production and
DNA replication. The aggregation of ions in the cell membrane can affect
its permeability and transport function. The ions also induce the pro-
duction of ROS, which can have various effects on bacterial cells. This
could explain the antibacterial effects of Eu ions [74,91]. Shih et al. found
that the antimicrobial activity of EHNs was related to electrostatic
attraction between nanorods and cell membranes, nanorod size, and the
release of Eu ions [42]. Eu ions can penetrate into cells and kill bacteria
through the electrostatic interaction between cell walls and nanorods
[91] (Fig. 4). All of these mechanisms are important for the eradication of
bacterial infections.
Fig. 4. Mechanism of the antibacterial properties of Eu(OH)3 nanoparticles. EHNs,
cAMP, cyclic adenosine 30,50-monophosphate.
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P. aeruginosa is more common in infected wounds, especially in pa-
tients with diabetes. Eu can promote wound healing, possess antibacte-
rial against many bacteria such as P. aeruginosa and antibiofilm activity,
which suggests that Eu has great potential to be used as wound dressing
materials. The antibacterial properties of Eu-containing biomaterials
render them suitable for combination with bacteria-targeted molecules to
yield targeted bactericides; these could be incorporated into scaffolds to
promote tissue healing while also playing an anti-infection role [92–94].
The bacterial microenvironment is acidic, hypoxic, and highly reductive,
and contains a large amount of ROS [95]. Microenvironment-sensitive
drug delivery systems can be constructed for targeted antibacterial
delivery.

4.5. The anti-tumor properties of europium

Few studies have been reported concerning the mechanism of anti-
tumor effects of Eu. Genetic factors are among the most important;
drugs interacting with DNA or RNA are used in anticancer, antivirus, and
antibacterial therapy [96,97]. Eu2O3 interacts strongly with dsDNA,
which strongly suggests that Eu could be considered in the design of
future metal-based anti-tumor drugs. Other research reported that
single-strand DNA had affinity for Eu [98].

Considering the osteogenic ability of europium and its potential anti-
tumor properties, Eu-doped bioactive stents can be used for the treatment
of bone defects after tumor surgery. The controlled release of Eu may
have the potential to prevent the further growth of cancer cells. Euro-
pium provides a new idea for the development of new antineoplastic
drugs. The combination of Eu with tumor-targeted groups or drugs can
reduce the damage to the healthy tissue.

4.6. Biological safety of europium

Good biological safety is a prerequisite for biomedical applications.
Europium has better biocompatibility than other low solutions REEs. It
has an LD50 of 550 mg/kg, induces relatively few inflammatory factors
from macrophages, and possesses good hemocompatibility and biocom-
patibility [99]. The research done by Jenkins et al. showed that Eu had
Eu(OH)3 nanorods; ROS, reactive oxygen species; ATP, adenosine triphosphate;
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stimulatory effect on human keratinocytes at 1–10 μM and inhibitory
effect at 50–100 μM [100]. Luo, Meng et al. have demonstrated that the
Eu2O3 NRs possess a better anti-inflammatory at 100 μg/mL, but exhibit
pro-inflammatory effects at 150 μg/mL by evaluating the TNF-α expres-
sion levels of L929 cells [61]. However, there is a paucity of reported
research on the biological safety of Eu with long-term exposure, which
are important issues with respect to the biomedical applications of Eu.

Europium hydroxide nanorods were mildly toxic in C57BL/6 mice,
even at high doses [73]. Other research reported that inflammation or
damage to major organs was not obvious after exposure to 2 mg/kg of
EHNPs; indexes of liver function and renal function were largely normal
[101]. According to other studies on EHNPs, Eu is mainly distributed in
the liver, spleen, kidneys, and lungs [34,102]. Nethi et al. reported that
the EHNPs were cleared from the body via the kidney and can be excreted
from the body [34]. However, acute exposure to europium chloride
increased the liver lipid content, and long-term intragastric administra-
tion caused structural changes in the gastrointestinal mucosa of rats,
thereby reducing their appetite [103]. In summary, the biological safety
of Eu appears to be relatively high at low concentrations. The negative
effects of Eu increase with dose, administration rate, and time.

4.7. Publication bias

Experiments with positive results are more likely to be published.
Studies not including unpublished negative or neutral results may over-
state their positive results.

4.8. Limitations of this study

Generally, research on the osteogenic, angiogenic, neuritogenic,
antibacterial, and anti-tumor properties of Eu is immature, and unified
evaluation criteria and normative models are lacking. Among the studies
included in this review, the outcome measures were highly heteroge-
neous, as were the researchmethods, animal models, cell types, types and
compositions of materials, Eu concentrations, and results. Moreover, in
some cases the results were qualitative. Future research should collect
quantitative data to allow systematic analysis and evaluation.

5. Conclusion

This systematic review summarizes the relevant literature concerning
the osteogenic, angiogenic, neuritogenic, antibacterial, and anti-tumor
properties of Eu, to provide a basis for further study of Eu and facili-
tate its biomedical application. Europium, as a low-toxic REE with good
biocompatibility, has great promise in biomedicine. The antibacterial
properties of Eu-containing materials can be used in some drugs and
implants to prevent infection. They can also promote osteogenesis,
angiogenesis, and nerve regeneration, suggesting the potential for tissue
engineering and regenerative medicine. However, many challenges
remain, although these may be overcome in the near future as biomed-
icine develops.
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