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Near-infrared Light Curing of Dental Resin Composite
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Abstract To enhance the curing performance and biocompatibility of current resin composites under near-infrared
light, a novel dental resin composite incorporating non-cytotoxic rare earth upconversion nanoparticles (RE UCNPs)
has been developed. Fluorescence spectrum studies reveal that these RE UCNPs emit visible light at 450—475 nm
when stimulated by an 808 nm near-infrared laser, corresponding to the excitation wavelength of the photoinitiator
camphorquinone (CQ). The integration of RE UCNPs into the resin matrix enhances monomer curing, mechanical

properties, monomer conversion rate, and biocompatibility. With optimal concentrations of 1% (mass fraction)
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camphorquinone/2- (dimethylamino ) ethyl methacrylate (CQ/DMAEMA) and 4% (mass fraction) RE UCNPs, the

composite achieves maximum curing efficacy under 808 nm irradiation. Additionally, the composite can incorporate
up to 40% modified SiO, inorganic filler to achieve improved mechanical strength. The dental resin composites incor-
porating RE UCNPs improved the curing effect and biocompatibility of current resin composites under near-infrared
light, presenting a promising alternative for dental caries treatment.

Keywords Dental caries; Upconversion nanoparticles; Dental resin composite
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a0, PRSI R . SEWIE 2 | R BEPEFNPREE T Yy 4 Bl T a5 1

H T SRR A A A, Bowen ' F 1962 4F B A B T —Fh 4 i 11 i SEIEOp B ——J5 T 3%
A-H LD R 46 /K H R (Bis-GMA) /Y M1 52 A R A1 RH(DRCs ) ™. BRILAESRAE I | 2625 L B WA
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R T AT R AR R O R, R R A MR EALPERE B OCE T . AR ST
N DR A RO e i g O S A R IR A R AR RE 491 sl 40 g B o Bk | el | R AR R ek
VE B EHE B () JOATLIERE . (HSC e Ty e B R St A 8, A R RTI R BR E gn RE A B, H AT
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HAFEL. RE UCNPs 9 & S165% 58 FH 065 & FIRE IR (CQ) ML OGS R 73 B8 . #F 808 nm it
LILANEIRE T, RE UCNPs & 5 GRS 20 R % CQ Wi, A1 1 B 6 R 94 AR s b4 R EA TR SR B I
N . TR T AL S &K RE UCNPs IR EEECE , FFE4T T 0025 19 A AR 2P D03 DA DA A R 75
T AEYIBE RN . AR SCHFFE A SR AT LU LT AN B et T RME 2 ARG T & SR A0 i 8L 3%

1 SEIGERS

1.1 RAFIEEE

ARG EAEL(GACL, - 6H,0, 4HFE99. 9%) . 7S7KA A (YDCL-6H,0, 4l 99. 9%) . 7/KGFE
£ (TmCL,6H,0, 2l 99. 9%) . AAbEL (NACL,, 2612 99.9%) . (Z)-9-+ /IR (OA, 4hiJiE 90. 0%) | FE ik
fii (CQ, 4L 98.0%) , —Z W W L NIGIRER (TEGDMA , 4l 95. 0%) , K7 BB B R H A7
PR Ak E (NHLF) FTESEALEN (NaOH ), 2874l 22 sa bk (i) A AR R A BRAN ] 5 XU A 7 — %
X L N PR T (Bis-GMA , 8GRI 90) T 2-( & 08 W R NG T2 56 (DMAEMA, 465 99%) , 1 ifgil
B /R AR A BR S Al 5 oot — SRR RE (K-Si0,, 4ERF 98% ) , AR KB (T3 A BR A A s BEES
AJER N (SDR) , 38 &L MIPE A8 7] 5 3T3-L1 /N FUREF 4E 41 i Al DMEM 41 il 58 4 R 553k, il
TR AR A BR A | 5 405G H) -8 (CCK-8) L 0. 04 o/mL Z2 B R | I3 AR 2 YL (o I AH£1 Y 0,
W, PR RAEWEARBD A B SDRE, BRI . e i i sk 20k
— 4tk

H1850 HY 2500 B, WAL #8AE BR 2N F] 3 KQ 10-300DTD %58 /5 P i ve L , LT T ge A PR 35
FE28 ] 5 2100F 955 5 iy, 7 4085 (TEM) , H AR JEM 23 w5 D8 Advance %I X 52637 SHY (XRD) , 7 [
Bruker 24 F] 5 F-4600 BUZEETEAL, H A H 372 H] 3 UV-3600 Plus 8 58 4b-7] WL (UV-Vis) 4366 BT,
H 4% Shimadzu 2 7 ; ARE-310 847 BB, H A Thinky 23 7] ; Elipar™ DeepCure-S LED BRS¢ [# 40 LT,
5% 3M Deutschland GmbH 23 7] 5 INVENIO R U B A8 30 21 AM 65 A (FTIR) , f8 ¥ Bruker 23 7]
34/68 FM 100 B J7 RE IR I AL, 9% [ Instron 24 6] ; HS-1300U 4 TAE G, I3 N Ak £ A7 BR 2N 7l 5
Forma 3 %4 CO, (5%, WRF0 %0 s 7246 , 32 Thermo 23 ) 5 DM750 B~ i i , 75 Leica 23 ) ;
A-5082 TUHRAY , 3 E Thermo A ] .

1.2 e

12.1 RE UCNPs Wy 4 & 5 %4 FEZEW T, ¥ 0.69 mmol GACL+6H,0. 0.3 mmol YbCL+H,0. 0. 01
mmol TmCl,*6H,0 ., 16 mL IR & 24 mL OA TR G IR, 76 Ar AR T HE R Z 150 “CRRK, TE U
+ (RE)-TMBRER 2% 510 5 BlJS BRI E 50 CHEIMA T 2 mmol NH,F #12. 5 mmol NaOH (1) 20 mLL F i
W, T50 ‘CRHEHE2 hy BT ZE 110 CHERE 10 min DL 2R W ERI5% B2 7K 5 THE 22300 “CJRUW 1.5 hs ¥
HEZERFMA 16 mL ZFE, L 10000 v/min A S0 10 min, 2BR B2WAAK, WEDTEY ; Ok
FSROTTED , AR R 122 (7K - IR G 30 2 BR AL 80 (NaF ) 2% 5T 5 LA 10000 v/min (143 3 850
10 min, WHEDTHTEY), BINaGdF,: Yb, Tm. ¥ HIF M/ 24 mLIF O heb £ .

TEZE IR K Ar ST, #5 0. 69 mmol GACL,+6H,0 ., 0. 3 mmol YbCl,»H,0. 0.3 mmol NdCL,, 16 mL
TMER A 24 mL OA TR A VM, INFAE 150 “CRR/K, Bfi5 A Ar S B4 30 min; F#IR % 80 °C, 15 %
RE-OA RijfA ; ¥ RE-OA BifAHI A % 24 mL NaGdF,: Yb, Tm 3R O A2 5 W (RE-OA BiffA 5 NaGdF,: Yb,
Tm EEIR R 1:2) , FHERZ 110 COREF 20 min B FF 2 6E ; BRI 2 50 "C/FANA 20 mL %A 4 mmol
NH,F £ 2. 5 mmol NaOH () F B CHEFE 1 hs FHEZ 110 “CLEEF 10 min IZEBEFEE; THELZE 300 ‘CR
1.5h, BHZEZEES A 12 mL ZEE, L4 10000 r/min B8 5 550 10 min, 25 FERA; 12 mL3FC
eV R UTTEY) . INARF A 102 (17K - L BEEIR A1 700 DL 2 B NaF 42535 LA 10000 r/min F9 35 5 250
10 min, 75| NaGdF,: Yb,Tm@NaGdF,: Yb,Nd, it & RE UCNPs.

1.2.2 RE UCNPs % %= ¥ £ 7 1 A% flg 1k 2 89 4] & B LN IR 5 I 1K & B Bis-GMA Fil TEGDMA
H i, o TEGDMA 2 Bis-GMA B H Be 5, m (TEGDMA) : m (Bis-GMA ) =3:7; 5| & FI{& Z i cQ I
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DMAEMA 4 A%, SRR BT 1Y 1%, DMAEMA /R3S & H], m(CQ) :m(DMAEMA)=1:1. H—E
12 Y Bis-GMA, TEGDMA, CQ, DMAEMA Fl1 RE UCNPs {45314 2000 r/min A435 154 20 min. B155)
RE UCNPs $54% H I NI S A .

FRIEAE G A6 20 o SR R 8 0T it 0 BER s R R [ AR . b — e TR B s | R R R — e R EE 1)
RE UCNPs #& A BIM B R R, K R Fi BE ORI 43 8 41, SR 5 b 4 mmx1 em REE A, FRE &4k
HRS B 4 5 . KR ZH A IR 235 3 W/em? 1Y 808 nm T 2L AME MK 5, 10 F140 min, H4 WAL IR 0
A AR BEA LA BRA A B, FR R A S AR R i . R R R iR R S 9 BT a3 AR g
FURREAL R, R E A 3K, B RBCEIE . AN BT R A 0 e bE Sio, 7E S LA E T T A
IR R IR R R (C@QUCNPs) H, Kl [EIFE AR RS, 645 4 mmx6 mm B BHTE R, 4/ 7 6E
RIS LI AT i
1.2.3 RE UCNPs 35 4 0 JE & & 4 i 4 ko 2 4 A S MK il 45 10 mmx20 mm B[R AE TR AL
W _FRBE A BT AR S IR —E B, R4S 58 4 AL I £0 50 G 15 {6 RE UCNPs 48 24 B g e
(NIR-C@UCNPs) M #% G AL g H (BL-C@QUCNPs ) #1 SDR, A4 1SO 10993-12 biife, ke 3 i fl =
B FRFARLE N 6 em¥mL, 12 A 3T3-L1/NEUSREFEA LIS T 37 °C. 3 5% (AR50 CO, B A 55 3748
HHEE 24 h, 35 R 2R S5k VR P

B L ARG B8 3T3-L1 /N UL ET 4E 40 i L) 2X10° Cell/mL (25 JEHERD T 96 LA, T°37 °C. &
5% (R0 CO, ARG T4 h a5 5%, 24 W s Rt . % ok 3058 4 [ ) A i I P2 i
S3HIMA 96 LA, /EFH 24 hJE A CCK-8 iR S Ab B, ZEMFARY A 450 nm BT MOLEE .

il 25 10 mmx20 mm A IEFETEARLE | B LR BE AP RNE ABLEL 5B IR — 2B, A5 58 2 [k
NIR-C@QUCNPs, BL-C@UCNPs & SDR. 15 H 3 JTi#% | fAFE }(200+20) g A{EEREHEM: Sprague Dawley K
FRAEAN [ OB S T BEATL 230y 3 2H (n=5) , S asUbe MO A BRI | 25 B2 TH BE SIS TERE S BREE B P 2k 1. 5 em PR
IRy, B R R IR 40 4 4~ XKk, Horp 34~ X 3843 51 # A NIR-C@QUCNPs, BL-C@QUCNPs Al
SDR, 75— DX I8 ( Control ) {X T ARYIFF Je ik il i B AR Bt s 3548 B UI 0 . RJE 7 dBUB, §7 KK EL
B HZUR DX BRI KBRS A A ) (25 1 T AR il 2 ) LR B R R 41 20). FH 0. 04 g/mL 2
RH RS EA, AW HE4 wm ERKCEU) 21T HE G, 783838 0 0 fUss T gk
YRR K R AR AR, LIVEAG A e k.

2 GRS

2.1 RE UCNPs & B R AE

2 E A TRE TR FAME A KL B i T 3 — B0 oA 1 -52 45849 1 RE UCNPs™. 4l Scheme 1 Ji7
/K, RE UCNPs 7£ 808 nm T £LAMEI & T, ANZE NI EZ IRk G EfE A% 2 Y™, Y ' IE F,, 25
A SR R BN R, 7405 T N YD 3] Tm™ (9 TG e A% 0 FR 5, Tm™ (9 'L 585 Y5

o
o :
16 ‘\\
N
1 AY

D> - \\
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Scheme 1 Schematic illustration of the general structure of the core-shell UCNPs and the simplified energy

level diagram depicting the photon upconversion process upon 808 nm NIR light irradiation
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& 175 RE UCNPs A TEM & H-. AT WL, P&
A RE UCNPs 484k . 278 1 T RE UCNPs [1)
XRD 3% . AW, H 5 B-NaGdF, i br e+ H A DT
fii . I 385H T RE UCNPs £ 3 W/em?®5& 1) 808 nm
ELLAMETROR T 1Y i & 5161 . f I 3 AT LA
F i, RE UCNPs B9 & 5 % i i Tm® ) 'D,-H,
F1'D,-F, (365 nm F1450 nm) | 'G,-*H, F1'G,-*F, (475
F1650 nm) BRAE YR A 5 44 A

Fig.1 TEM image of the RE UCNPs

RE UCNPs

L

S-NaGdF, (JCPDs 27-0699)

‘l ‘|||l||

1G3H,

1D,3F,

: 1D,3H,
gGﬂﬂ

il 1

10 20 30 40 50 60 70 400 500 600 700
26/(°) A/mm
Fig.2 XRD pattern of RE UCNPs and the standard Fig.3 Emission spectra of RE UCNPs(10 mg/mL) at
XRD pattern of -NaGdF, room temperature upon exposure to 808 nm

NIR light at a power density of 3 W/cm?

2.2 RE UCNPs#BZBRERGEMEM B & &G0 L

J T BUFIT LT A [ 1L RE UCNPs 524 21 L NI SEM IR IR R g nl 171, A AR R 5650 UL 1)
FRHM G R Bis-GMA FI TEGDMA , 5| & 57 R Gl iR 2 | K651 & 5715 RE UCNPs 1A 21 H 3t
PRI IR, Hl S8R AHIA . 75808 nm AT LI AMEI A T, RE UCNPs 57 & 5F 450 F1475 nm A I,
W, 651 R RIS b4 kot A A B, Irf A LS R R SR R G R, TE s 748
e 265 .

TG, BEET 5| KU R XA AR AR L RS TR B A S | R RN B R A Ok 2% Y
RE UCNPs & A ZIM IR IR R b, [ A0 AS [R] B (8] 5 38 M6 A 1 £k B fs , AR i A JIg e JO8 iy J ) Jo i Lb 31050
5 B BRI AL R, 25 R UL IE] 4. Bis-GMA Al

TEGDMA 1A 05 42 1k 10 min I 3R, 0 " 05(Fiing .
HIGSHTHAIAE] 40 min W RFHEGE . E31RAIR § | 2 15

430 R 1% B} Bis-GMA 1 TEGDMA B 44 % 4k, % & § * — 2.0(Fitting)

L 20 70%, RN R B AR LR g or

PN ¢ TZE E ol

E— %% T RE UCNPs ¥ B %) Bis-GMA F1

TEGDMA $E AL A 820 , 44 A5 7] 4 B 19 RE UCNPs 0L % L . .
I 1% 89631 % B A SISk Z b L [ ALK I

Time/min

IS T6] J R M A [ P LA, AR08 B8 i 8 M i I ) i
TR R R AR R 3, S5 IR ANIET 5 PR

Fig.4 Conversion rate of 808 nm near-infrared light

cured resin containing 2%(mass fraction) RE

Bis-GMA Fll TEGDMA {9 ¥% 1k X 7€ [& 1L 10 min J5 UCNPs at different initiator concentrations
HHE I, RE UCNPs i & 20808 4% I}, B8 Gt under different irradiation times
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]34 %1 25 min BHRERRGE . MHEWE R, 5 80 [~ (RE UCNP3)%%):
(AR I Ak 2T B MRS ) ] 428 K 3] 35~40 min 5 A" ol ::igﬁﬁﬁg
RERIFRE , IR AR IR 5 60%. (EAS & a— 6(Fitting)
PERE 02 . 24 RE UCNPs (0 RESM B0 4% 1 ERT
] 8% i, BREAI LR TR, XiEHF §
RE UCNPs ¥ B (38 N 2 B AR 2 S 80 0 & g
SRR EEHE N, {HHE L = ) RE UCNPs Y B 7] .
fiE 22055 808 nm M-I, AT B T ———
D A B A SR R AR, Time/min

S A RS A S S L BT S B K
S, ATANEE 2R G, 520 ARk 2
fe. 6 UL, B K-Si0, 5 2 ik B i1 i,
C@UCNPs [Jifc £IAMGRAEEREE /N . B 7R

Fig. 5

Conversion rate of 808 nm near-infrared light cured
resin containing 1%(mass fraction) initiator and
different RE UCNPs concentrationds under differ-

ent irradiation times

H T AN E K-Si0, 48 K ki B (40 50 0 3] 50% ) F C@QUCNPs FIFTHE IR JE . 24 K-Si0, 40 K ik i it
BN 40% B, CQUCNPs BIPTER ek, 4(296+16. 0) MPa.

8

6_

Curing depth/mm
~
T

10 20 30 40

w(K-Si0:)(%)

50

Fig. 6 NIR light-curing depth of C@UCNPs with

different contents of K-SiO,

400

300

200 -

100 -

Compressive strength/MPa

0

0 10 20 30

w(K-S10,)(%)

40 50

Fig.7 Compressive strength of C@UCNPs with
different contents of K-SiO,

2.3 RE UCNPsB#p Ok E AW iEM R EWHERYE
K 3T3-L1 /)N BROBCET 4 40 M X & A3 40% (J5it &2 43450 K-Si0, 13 2140 6 [E 4k C@UCNPs (NIR-C@

UCNPs) 47 7 4 B AH 25 PRk, JF 5
6 [ 4L ol SDR 1 % [ 4k 1Y) C@UCNPs
(BL-C@QUCNPs) #4171 Lh 4 . 3T3-L1 /)
BB 2 4E 4 W 43 00 A FR i 2140 O N D
i £k 1Y) C@UCNPs L4 % H i %6 14 1k (%) SDR
PR R P AT IR SRS, A5 R E 8
fr 7~ . CCK-8 45 2 W 7 4% 4 = (8] 19 4 Jifd
458 1% PE7E NIR-CQUCNP F1 SDR 22 [a] 1% A
S DX, AT ) A B A T R = T 70%,
# W] NIR-C@QUCNPs H. A 1 K /9 4 ¥ #

e

ik

Cell viability(%)

120

100 -

[\] = [ *®
< < (=] (=1
T T T T

0
Control NIR-C@UCNPs BL-C@UCNPs SDR

Fig. 8 Cell viability of 3T3-L1 cells growing on extract

solutions for 24 h culture
#, p<O. L5 #*, p<0. 01; ***, p<0.001; ****, p<0.0001.

R —25 ZH 22 A FE P NIR-C@QUCNPs B9 AW AH A ME , AR 46 1SO 10993-6 #4717 SD K T

HAFHASEE . FORE TR H&E QA EER . v L, NIR-C@QUCNPs J& Bl ¢ T 4121 rh Z T4 1 41 it
MR 2L AT B A5 4 A0 L R AR B AT, A7 e I LY TR 2R 2 40 R P AR B ) AR e R | T RIS AT

KA R FE B R AW
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NIR-C@UCNPs

5

7d

14d

Fig. 9 H&E staining within the subcutaneous tissue of SD rats around C@UCNPs implants
3 &

M ARG AL T A B &, 8 H LG TR R B IR 14 2 rh 48 A RE UCNPs, M 3545 XF
D ATEPE /N | PR RE LI F R A . RE UCNPs 1] 7558 651 K 751 W s 13 9 Bl P 43t
WEERAME R ST, ARl NG SR AR IR G RO, . DFSE 45 SRR, et e LR 19% 1 o/
LN R — F L 215 (CQ/DMAEMA) 51 % 57 H14% RE UCNPs, I 048 A 40% f K-Si0, LA ik B4 47
PIBLBRER L . HeAh , ASO AR AR N AN DA 2201 T T 025004, s SLAn it st Al B R
BEES . WIRHFSIEV2 A RE UCNPs A BVE UL TR IR AR % .

2 % X W
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