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[ Abstract] Objective To synthesize hydroxyapatite/poly (lactic-co-glycolic acid) (HA/PLGA) composites
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by substituting calcium ions in HA with Cu and Gd ions, characterize their physicochemical properties, and evaluate
their feasibility for orbital bone defect repair.  Methods Different ratios of Cu-, Gd-, and Cu/Gd-substituted HA
nanoparticles (Cu@ HA, Gd@ HA and Cu/Gd @ HA) were synthesized via hydrothermal synthesis using copper
nitrate , gadolinium nitrate , calcium chloride, and ammonium hydrogen phosphate. HA/PLGA ,Cu@ HA/PLGA,Gd@
HA/PLGA ,and Cu/Gd@ HA/PLGA composites were prepared. HA/PLGA was prepared by co-preparing different
ratios of nanoparticles with PLGA via phase inversion and solvent evaporation. The nanoparticles and composites were
characterized using X-ray diffraction ( XRD) , Fourier transform infrared spectroscopy ( FT-IR) ,inductively coupled
plasma (ICP) ,environmental scanning electron microscope (ESEM) and micro-computed tomography ( Micro-CT).
Composite homogeneity was assessed by elemental analysis and the contact angle was measured to evaluate
hydrophilicity. Imaging capability of composites was assessed by magnetic resonance imaging ( MRI) and TI1-
weighted. CCK-8 method was used to detect the cytotoxicity of nanoparticles and their extract. Orbital bone defects
model was established in 20 rats, which were randomly divided into 4 groups, and implanted with respective
composites. Eight weeks after transplantation, the implants were evaluated using Micro-CT and MRI, and osteogenesis,
collagen distribution and biocompatibility were assessed by hematoxylin-eosin staining, Masson, and Sirius red
staining. All animal experiments complied with the regulations of the Laboratory Animal Ethics Committee of Dalian
Medical University and were approved (No. AEE23104). Results XRD and ESEM results showed that co-doping
with Cu/Gd induced less HA lattice distortion than single doping. FT-IR results showed that the nanoparticles doped
with Cu and Gd ions were consistent with the HA infrared absorption spectrum. ICP results revealed a higher Ca
content in 0. 5Cu/Gd@ HA and 0. 5Cu@ HA samples than in 0. 5Gd@ HA sample. There was a statistically significant
overall difference in contact angles among different groups of composites ( F=5.040, P<0.05), among which the
0.5Cu/Gd@ HA/PLGA composite exhibited the smallest contact angle and the best hydrophilicity. There was no
statistically significant difference in porosity among different groups of composites ( F=0.004,P>0.05). MRI results
showed that Gd-doped composites displayed enhanced development and that the signal intensity of the 0. 5Gd@ HA/
PLGA group was the highest. Micro-CT scanning results showed that the composition of the composite material doped
with Cu and Gd was better than that of the pure HA/PLGA group, indicating that the metal ions Cu and Gd could
promote bone growth. CCK-8 results showed that the nanoparticles and their extracts had no obvious cytotoxic effects.
Eight weeks after modelling, Micro-CT showed that the 0. 5Cu/Gd@ HA/PLGA material degraded well in vivo and the
staining results of bone tissue sections in the bone defect area suggested that tissues around the implanted material and
rat organs in different groups did not show biological toxicity. In addition, the Gd-doped composites showed good
magnetic imaging characteristics when implanted in animals.  Conclusions Cu/Gd@ HA/PLGA composites exhibit
favorable physicochemical properties, biosafety, osteogenic potential, and MRI contrast and have good clinical
application prospects for orbital bone repair.

[Key words] PLGA compound; Hydroxyapatite; Orbital fractures; Ion co-doping; Nuclear magnetic
imaging
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Table 1 Theoretical and practical composition in each sample
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Figure 1 XRD and FT-IR analysis results of different samples A:XRD analysis results All samples

i Eli L — 05Gd@HA

exhibited characteristic XRD peaks of HA  with peak positions consistent with pure HA and no impurity peak
was detected. This indicated that the crystal structure of HA remained unchanged after doping with Cu®* and
Gd*  B:FT-IR analysis results The main functional groups observed in all samples were hydroxyl (-OH)
and phosphate (P()i') groups, consistent with the infrared absorption spectrum of HA  HA : hydroxyapatite

0.5Gd@HA

0.5Cu@HA 0.5Cu/Gd@HA

= om o mom e m . ry B O
[——— Dlastirives ]

B2 44HMRESEM EG A4 DAY RIL HA EA KRS (bR R =200 nm) B4
AR RGO TR LT 20 B HA R EEBR KA1

Figure 2 ESEM images of four groups A:All groups displayed the inherent short rod structure of HA
(Scale bar=200 nm)

B : Statistical analysis of diameter of diameter of nanoparticles ~ HA : hydroxyapatite
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Figure 3 ICP results of different groups All groups contained the
elemental composition of HA, including calcium ( Ca) and phosphorus

(P) HA:hydroxyapatite
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Table 2 Element scale of samples from different groups
after hydrothermal reaction for 12 hours

FEdh Ca Cu Gd P

HA 419 200 360. 3 0 174 500
0.5Gd@ HA 267 200 366. 1 49 050 134 600
0.5Cu@ HA 336 800 9 185 0 156 000

0.5Cu/Gd@ HA

HA LRI K A
Note : HA ; hydroxyapatite

315 900 5532 42 960 147 900
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Figure 4  Contact angle, SEM image, Micro-CT reconstruction,
porosity ,and magnetic hysteresis curves for different sample groups

A ;Contact angle  The smaller the contact angle of the material, the
stronger the hydrophilicity B:SEM Images ( Scale bar=200 pm) C;:
Micro-CT reconstruction No significant differences were observed in
surface morphology among the different groups D: Magnetic hysteresis
curves  When the curve exhibited K ( magnetic susceptibility ) >0, the
sample demonstrated paramagnetic behavior, meaning the magnetization
direction aligns with the applied magnetic field HA : hydroxyapatite;

PLGA :poly (lactic-co-glycolic acid)

15 S JLTAH A, R 48 0 &R Cu B ATk
K5 MRI B4
2.6 HAFEN TSR L

SEM-Mapping IR 45 R 87, i G 52 & 8 k& m
SIRICER S R, XA B TR K13
B3 AT LA B 4 TR B AR A LR O Y — Bk
(E6),
2.7 RS SIEREE R
2.7.1 Cu/Gd@ HA/PLGA Ji % 4 Jitd 338 5 1) 5%
FEFRE 1.3.7 K, 4% 2 [R) 40 Jf 3% 7 20 3 SR T e 25 S
WA G it 23 L (F =8.233.20.541 ,25.378, ¥ P<
0.05) fE40 L85 35 243K 1,0, 56d@ HA/PLGA
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®3 TEEAHREZEMARLKELLE (xs)

Table 3 Comparison of contact angle and porosity of samples

among different groups (xzs)

25 FEA Hefilfa (°) FLIBRFE (%)
HA/PLGA 41 3 124.57+5. 61 49.80x1.74
0.5Cu@ HA/PLGA 4] 3 129. 16+5. 09 51.20+2.25
0.5Gd@ HA/PLGA 41 3 123.175. 63 52.00x1.96
0.5Cu/Gd@ HA/PLGA 41 3 112. 17+5. 61 50. 80+ 1. 95
F 1Y 5. 040 0. 004
P <0.05 >0. 05

(BRI 225047
Note: ( One-way ANOVA)

HA Z B0 KA1 PLGA . LR - AL LR
HA : hydroxyapatite ; PLGA : poly (lactic-co-glycolic acid)

HA/PLGA 0.5Cu@HA/PLGA 0.5Gd@HA/PLGA  0.5Cu/Gd@HA/PLGA
ES5 &“AHM MRIE®HR Pseudo-color 24 0.5Cu/Gd@ HA/PLGA 41 fil 5 0.5Gd@ HA/
PLGA 41FEMAE TU AL 2 EFES5 % HAREBE KA PLGA . KA -4 4 L R s MR g7 3%
/AL
Figure 5 MRI image and pseudo-color visualization of samples from different groups The

0.5Cu/Gd@ HA/PLGA group and the 0. 5Gd@ HA/PLGA group exhibited hyperintense signals on TI1-
weighted imaging HA ; hydroxyapatite ; PLGA ; poly ( lactic-co-glycolic acid) ; MRI: magnetic resonance

MRI

Pseudo-color

imaging

0.5Gd@HA/PLGA 0.5Cu@HA/PLGA HA/PLGA

0.5Cu/Gd@HA/PLGA

] mm

HA B2 L5 K A7 s PLGA SR FLIR — 2 Ik

6 FHEFHMHPITES T SEM il
TR s SEM : 9 1 ¥+ W fll 35
Figure 6

HR (PR =1 mm)

SEM-mapping results of samples from different groups ( Scale bar = 1 mm) HA.

hydroxyapatite ; PLGA : poly (lactic-co-glycolic acid) ; SEM:scanning electron microscope
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(£4),
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mEA Y (K T) .
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T AT B R E fig J1. HA/PLGA |
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PLGA .0.5Cu/GdHA/PLGA & &
MOEE BV/TV {H 43 51 B 12% .
18% 22% 1 25% ; Th. N {E 43 314
1.100.1.523 1. 889 Al 2. 112 mm;
Tb. Th {4 4% % & 0.167.0.255.
0.299 F1 0.312 wm;Th. Sp {8 4 3
7 0.724 0. 656.0.5 1 0.278 pm,
TNMBREEREETHI MR
BCE SR T 4 HA/PLGA B
K, HH 0. 5Cu/Gd@ HA/PLGA 41
BB R A
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T4 BEGRKT R E B IR 0T 8 48 A 4 A 0 PL 8 (wrxs)

Table 4 Comparison of cell proliferation efficiency at different culturing time

points among different groups (x=s)

ML I, BB 2% Gd 1Y
oy e P RS R ET AR D R
BORT S T & A Co m R

. o LS %1, 0.5Cu/Gd@ HA/PLGA %4}
1K PEES 7 K e .

st 4L 3 0.41:0. 01 0.700. 03 1. 00+0. 00 FY I J5A T2 B 85 . 2 B 124 7 G
HA/PLGA 41 3 0. 440. 02 0.71+0. 04 1. 100. 07 B2k e 3 A7 b i it e R
0.5Cu@ HA/PLGA 4 3 0. 54+0. 04 0. 760. 03* 1.27+0. 03 (K 10) .

0.5Gd@ HA/PLGA 41 3 0.54+0. 05 0.84+0. 02" 1.28+0. 01 2.9.3 £ 4R ROME L E B
0.5Cu/Gd@ HA/PLGA 4 3 0.56+0.01 0.900. 03° 1.38+0. 03" JUE i O i 2 20 A el AR A
F A 8.233 20. 541 25.378 W EHE 458 BREAE
P i 0. 008 <0.001 <0.001 HEY) 7 I AN - e o 25 1L 3

75 HA/PLGA 414 I, P<0.05; 5 0. 5Cu@ HA/PLGA 4 A 1t ," P<0.05; 5 0. 56d@ HA/PLGA
AL, P<0. 05 (L Iy 2200 #r , Tukey £550)  HARIEBE KA1 PLCA  RFLIR -k L R

Note; Compared with HA/PLGA group,*P<0. 05; compared with 0. 5Cu@ HA/PLGA group,”P<0. 05;
compared with 0. 56d@ HA/PLGA group, “P<0. 05 ( One-way ANOVA , Tukey test)

PLGA :poly (lactic-co-glycolic acid)

140

0 mg/mi [ 5 mg/mi 2.5 mg/m] [E01.25 mg/mi [BIank
120

100
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60

AN T {F (%)
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0
HA 0.5Cu@HA

0.5Gd@HA  0.5Cu/Gd@HA
B 7 Cu/Gd@HA RIRBHIMMEMRLER (n=3) ANFMEHEE
AN R T 80%  HARIEBE KA

Figure 7 Cytotoxicity results of Cu/Gd @ HA extracts (n=3) Cell

viability was greater than 80% at different dilution concentrations HA

hydroxyapatite
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OB A B SVRIE B 5 E A A R, RIS el T B
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HA ; hydroxyapatite ;

PLGA & —Fl A= W) AH A 1 )
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E 8 &5 8 AMIRIES K& E 4 K8 MRI K Micro-CT 3 #i &
& AMRI =4 JOR AL B R AL B R B Micro-CT = 4k 5 4
RARGEE R HA/PLGA 41 Babt 0 A MU , JC W &2 3 A4 4 K (3R
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B BRI AR R AN U 08 3, O HL 1ol R 9 8 A= K i A i R 43
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Figure 8 MRI and Micro-CT images of orbital bone and repair
materials at 8 weeks post-modeling A : Sagittal and coronal views of
MRI 3D reconstruction B Sagittal view of Micro-CT 3D reconstruction
Regular bone defect margins with minimal new bone formation in HA/
PLGA group ( blue arrow) were seen. Transformation of circular defects
into irregular margins with inward-growing osseous component in 0. 5Gd@
HA/PLGA and 0.5Cu/Gd@ HA/PLGA groups (red arrows) were seen
HA ; hydroxyapatite ; PLGA : poly (lactic-co-glycolic acid)



ARSI IR Bl 2Rk 2025 4F 9 H 45 43 45 9 ] Chin J Exp Ophthalmol , September 2025, Vol. 43, No. 9

HA/PLGA

0.5Gd@HA/PLGA 0.5Cu@HA/PLGA

0.5Cu/Gd@HA/PLGA
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9 EAMBENIWE RIS F R E &85 AR -4/ Masson & 45 R (x100, R R =
20 pm)  NB:H LR ;OB BRIEE s MT A AR RL s HA R 285 K A7 s PLGA . RFLR - LR

Figure 9 HE/Masson staining results of composite implants in animals at different time points

(x100, scale bar = 20 wm ) NB: new bone; OB: old bone; MT: material transplanted; HA:
hydroxyapatite ; PLGA ; poly (lactic-co-glycolic acid)
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Figure 10 Sirius red staining of composite implants at 4 and 8 weeks post-implantation ( X200,

scale bar=20 wm)  Red/blue triangles indicated newly formed collagen deposition, and yellow areas

indicated residual composite material

HA : hydroxyapatite ; PLGA : poly (lactic-co-glycolic acid)
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Figure 11 Histopathological staining of mice heart,liver,spleen,lung, kidney and brain tissues in
different groups at 8 weeks post-modeling ( HE x200,scale bar=20 wm) Intact tissue architecture

without observable inflammatory responses were seen  HA . hydroxyapatite; PLGA : poly ( lactic-co-
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ANOVA . J5 22/ #7 (analysis of variance)
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EGF . 3 2 4= K [F ¥ (epidermal growth factor)
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FGF: il £ 4k 4 ifd A= < [Kl ¥ (fibroblast growth factor )

GFP . 58,5 Y, 25 4 ( green fluorescent protein )
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I0L: A T 54 R 4K (intraocular lens)

IRBP ;3 [a] 52 (400 25 22 ¥ it 45 & 2% 1 (interphotoreceptor retinoid
binding protein)
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LECs: fiIRAK | Bz 40 e (lens epithelial cells)

miRNA : %/ RNA ( microRNA)
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e - R - dmr
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RPE : ¥l /9 JiE {4, 2% | JZ (retinal pigment epithelium)
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SIRNA : /T4 RNA (small interfering RNA)
a-SMA : a3 L3N 2 4 ( a-smooth muscle actin)
TAO ; HR B AH 5% R 955 ( thyroid-associated ophthalmopathy )
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