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[Abstract] The efficacy of root canal therapy, as a core intervention for endodontic and periapical diseases, is highly
dependent on the effectiveness of antimicrobial drugs. Although traditional drugs such as calcium hydroxide, chlorhexi-
dine, and antibiotic pastes commonly used in the clinic play a role in preventing and controlling infections, they have
obvious limitations. These drugs influence the mechanical properties of dentin, insufficiently solubilize necrotic tissues,
and are susceptible to bacterial resistance, which makes achieving the desired effectiveness and safety difficult. Tradi-
tional macromolecular root canal drugs also face the challenge of the complexity of the root canal system. With the
rapid development of material science in recent years, new antimicrobial agents have emerged. Metallic nanomaterials
such as silver nanoparticles and zinc oxide nanoparticles are widely used in the medical field due to their unique physi-
cochemical properties and superior antimicrobial properties. Chitosan nanoparticles have superior biosafety, calcium hy-
droxide nanoparticles compensate for the limitations of traditional calcium hydroxide formulations, and quaternary am-
monium polyethyleneimine nanoparticles can confer antimicrobial properties to existing oral materials. Novel antimicro-

bial nanoparticles using nano-delivery systems, such as mesoporous calcium silicate and mesoporous silica, carry anti-
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microbial molecules with significant advantages in terms of anti-biofilm, biosafety, and promotion of tissue repair. Fur-
ther, these agents reduce drug resistance, which improves prospects for application compared to traditional root canal

disinfection drugs. The breakthrough of nanotechnology provides a novel direction for the innovation of root canal treat-

ment drugs. Therefore, this paper reviews the research progress of nano-antimicrobial materials in root canal therapy.

[Key words] endodontic disease; periapical disease;

nanoparticles; silver nanoparticles; zinc oxide nanoparticles;

ticles; quaternary ammonium polyethyleneimine nanoparticles;

nanoparticles; mesoporous silica nanoparticles

J Prev Treat Stomatol Dis, 2025, 33(8): 699-708.

root canal therapy; metal nanoparticles; antimicrobial
chitosan nanoparticles; calcium hydroxide nanopar-

nano-delivery systems; mesoporous calcium silicate

[ Competing interests] The authors declare no competing interests.

The study was supported by Henan Provincial Medical Science and Technology Research Plan Provincial Key Project
(No. SBGJ202102162); Henan Provincial Department of Education Key Scientific Research Project of Higher Education

Institutions (No. 22A320006).

UK BRI = YR g5k h = —4EAb T
K G5 (1 ~ 100 nm) B9 A1 R, 24648 SF HE A 9
KA W | R B 9 45 it I S8 W A% 8 K 43 P M
R B R A R TR T T 40k
AR i B LA 3 B A D RE AT SR
AT T I AR S 45 4 B 2% o [ AN TR T B R L F
AR S AL BE 25 32 5% e S5 () 0 . 5 40 K 4 Rk
LA N RIS 4R 90K JIURL AR 05 R K
4 B8 B T WER AN TR A Y IS A SE B R B 2 N
KT RYEH E R AR AR e s 9)
KRB D E G IR AN T AL G SRS I i a5 5 g
KL TR UKL 34 BEAE hy i B 005 i 22 5 P10 R0 B
Hh S N BT B M R 5 G R B B g K B Ik RS
WL, AALRERE BB A K UL B YU 7 R RE R A
BREE BEE TR . B MR BN Bl IR A BE AR 42
JEVE 0 7 R T T SR B, A SRR A K Bt B A RHAE AR
BRIT 7 R I R A — 2Rk .

1 ZKRIE R
1.1 2B RBAE

4 )@ 9N K UKL J2 9 oK R} b B Y 2 R
g3, SEAE HMRE 0 B AR BTz N T RE R LA
b BE 25 T 4 )R AN K ORI R & ik 2 D
Z R, TR 4 T bR ZE K W B JE T L E 2o 2
T3 13 3RAT AR K UKL, Ak 27 5 12 I AT ) R S i 500 oK
AR YTk b Uh AR i 1 S o f ke o
WA R RE RS D BRI A e R LR AE
FH ) 4 Ja 40 K UKL 32 22« AR A R SR | 4 44 oK
AN TEN L Y AN 2 27 B TE S& a e A O I A S 8
HHER 2 K UK | AR A B 9 oK SBORL S B AT X DL 2

Jon R AR SR R MR A AR R e Bk ARG
FB.
11 AR ER. 4R 40 K B0kr (silver nanopar-
ticles, AgNPs ) [ 4238 % /N T 100 nm, B AT [ R T
L 2 T TG PR R 0 A AR R B R A
AE . B8 UM AL A D S R T AR 4 K R
5 AL 228 IRk s 22 o T L) 3 2
TR Ag ™ BB IR 240 M JE | 1 DNA 28 M K 7 A 35 o 4
5 X 2 B0 SV T AR A B 2510 ke
PERR 2R JH R AR DG T —— A BRI, AgNPs i iE ]
X 2 B R T e R 2 T R R G O
30 nm FL4% |, 100 ppm ¥ & 1 AgNPs I & & H AL 55
A P A S 3 2 KA P 0 R T B . AgNPs T
m) S A G T, BERE AR T AgNPs X 27 3K
B e /N0 B M R, R B T SR AR A Al 2 A T
LR EH BEROE 2L AgNPs 5 2 A LS
S [R) R R BE R BT 1 - 40 T A0 M R Y
fi B TR DA T S BT A 1 o 2 AgNPs M 5 1
THRAE BN, HPTEACR 5 S ALY, H.24 h
W ZE AR B VRIT AR5 AR, {H AgNPs 7Eh
PEFAIE, 5 min ATAE D) RS MRS5S T 2% A E &
s 15 min 35 [A] S RCRVS KT RCR WA Ik &
FRER7 . AgNPs 55 F A AR AR & 7T 3 53 Bt 1
P B R = AL W) 5E R AR (mineral trioxide aggre-
gate, MTA) J& , Hyt 2E I BRIE RE 1 AR W AH A5 M I
HE PR RE I BRI, A HE A DGR R R AT A
AgNPs UM e 9 vl KA 52 Ag*zfﬁ%[mo
LAVEITTH , AgNPs 20 i 85 V32 B As IS ik
JE B AR F S 1] 45 52 08 < 10 nm BRI AgNPs 765 pg/
mL 3§ 14 wg/mLCRLAE <10 nm ) B XA T8] 78 5+ 241 g



REExFPE 2025988 H$33% H£3H
Journal of Prevention and Treatment for Stomatological Diseases, Aug. 2025,Vol.33 No.8 http://www.kqjbfz.com - 701 -

FEARFEERY S AH R B BRE AgNPs BT IR 1
PEOEF 18 BE A = MUY 31X 3 OB R 2T 4 40
JiL ) A B T B 2 S 2 AgNPs 1) 4 it 7 1 1T
BT I 1 5T 48 H KR (0.019% ) AgNPs 78 3 d
HT7 d 625 BE 4 e 2 B B S A i vk
(JFf2 43 L R 0.015% F110.02% ) AgNPs | A 5 £
BN T BRI R 7 d S A0 RS D) B b
AVR/E[BJO

AgNPs 1 A B 751 5 358 Jie 751 80 ) MR 45 24 1if
0 F WD A BRI . B OGYE MR AR ek
F AR S i 2 2 e 42 5 A R b T T K
PUPAMERE o SR I AT A 5 A0 4 v R AR AP SE G i
= KWl AR 3 50 7 R L b E R A8 K A R
B Z 5 — G B S R — U A B oK
WORLAE K /N B 345 Jy T AN [R) T B 42 5% i bt
AL AN A0
112 AL BE gk ik S AL BE 9N K BUKL (zine
oxide nanoparticles , ZnO NPs) 748 2 20 ~ 60 nm, H,
BT RERIESONIIE S O SR REDT B 25 18] 45 48 1
HAEA R, HE T2t e, iR/
BRI EE ™ AT BB B 1 R RE AR SR AR T R AR
A0 e Zn? BT P A e AR (I &
KR 1z i Sl R 40 ) T M R A L B ) B IR 4
MU 2 PR . HEA MRRA A
A PE e — Tl DA A AR o v 4 HO 5 089 ZnO NPs
XoF 288 Ji B TR R EA €0 B BT 114 S5/ N TR IR 4 Sl
40 wg/mL A1 30 pg/ml, H B &5/ 4 ik .
4 ZnO NPs DL Jit & 5350k 20% 8 A S E AL ES o]
0 S R T BR TR AR 0 IR A R S R
1 R ol B B, 0.19% & BE PT 48 = o A Joi . folg A
AR PUWT 240 A T SR a2 L 25% it
o R R BN AL G AR B R A T ks A R
AL PERE .

ZnO NPs [1 41 il 5 M 15 1k B K 5 58 B (6] %% 1)
A . 24 h IN<40 pg/mL N Al i 2T 4 40 i G i 3%
M, H 48 h )5 BT A7 W (1 ~ 100 wg/ml) ZnO NPs
WIBUCA ARG R R, A TR IR R
TR I 5 Wy 5 Jo mT AR AL 9 1, U X ZinO Vi B
KT 80 wg/mL Ff 034350

PRI ZnO NPs A B2 15 A i AUAR 8 o 35 790 1 1)
TR MG PR, BN N 2 2 8 500 45 b1 R v D 58 Bt
AP B o A IR v 2 % 6T A0 T e 1 5 ) IR
T HAEARE B 25 pg T o R AT B ek
PE LIS I 2 e

12 mRAESRHE

7 FEME = th W e R BEAL A B R AR A=)
R o KRR 52 BRMEAE K v s i B A PR, 3R 1T T
PEEARD 8 i B - ml e i s Bk DR g ok AL
T 1% 40 K 76 B2 ¥ (chitosan nanoparticles , CS-NPs) ,
TR AR T RN BT L5 B B R RN AR E
PRSP CS-NPs 9 A% R i 85 O 125 R 25 R AN T i
WAL T AR BULE PR Z 0 IR BB, e
8 T8 A= WK DN 3 W 4 ik Sl T2 /N L iR AR
iR AR AR HE RS, CS-NPs 19 2 B A
PR B0 358 b o1~ A, T8 A e O B DS 2 TR 4 i
FEESE 375 PR IR A T HE Y CS-NPs i BE A2 2F o 4
JELBE 55 0 A DNA 2545 B AR G B & Jm e 1
55 RORE VA 45 G 52 e A IS R, AT A ) 4 TR
-7 G

FERRAFIRIT o, CS-NPs A5 g i 380 Fn 1 24 44
BHE D W . MK BH O EDTA W VAR S, 2R
EDTA k= T B 4R, 1 W00 A B AR 2 A o fuf
JEE B AUBS 7, WF 5 K BB 43 [ 17% CS-NPs 5
0.2% EDTA R L, 75 ROCRAH 24 B2 A o i il 2
T e 3 TR ARG 2 SR CS-NPs B 77 WAL 31 2
A JBT AT d 2 AN A B P, 25T RCR I TG R
B4, 60 min AT 5 A BRI DK 153 8 ke Y 4
FWHERE . 4 mg/mL Wk FE T H1 36 i BR A A ) E
RO T 2855 U (S R E SR 5 Z
20l kK CS-NP Y TP R A ORI R T
WA EF 25, ] 1 25 AR N A BRI 2E
B T 2H S0 XA R A g B o O TR AR 5
A O E B BT AR R BT G 9 AR W) T B e
J3rl, teAh, CS-NPs [ FH 4 )8 J5 28 AR e 4 K
1R g O T A A A AL

P 24 it W B 45 38R (Food and Drug Ad-
ministration, FDA )T\ W] (1) 55 A WU AR 25 PE 40 K 4 Kt
CS-NPs % N 1 2F 4t 48 B 35 PRI, BT & A 4 L
10% ~ 30% ¥ £ 75 il 22 21 4600 i 5 DA 56 T 4 T A=
Wye S PE R B S8 E B CS-NPs HAF
RAF I A Y2 A e AL IRAH 25 17 . R CS-NPs
AR A b e AT 0, () I AR AR AR B 25 07
THT A7 R i 5

Z5 I, CS-NPs X 26 7 5K I 2 (& BR R B AT
RO Pem v, 2580 5 & Z 0 & 2 (ethyl-
ene diamine tetraacetic acid , EDTA ) 41 24 {H 51 22 4> ;
Al AT 2 5 2 A o R R RN B AT SR Pk
VB2 A9 T o RAR 72 MKV 1 22 1 [ 7 ]



ARE&MmEGE 202588 $£33% H8M
* 702 +  Journal of Prevention and Treatment for Stomatological Diseases, Aug. 2025,Vol.33 No.8 http://www.kqjbfz.com

b 0K AR AT O A A T g, (HLg)
K7 BWH I KA BT A0 B R A Ak T 1) 55 i
{15 i — 2L B
1.3 A 54450 Kk Bk
T 3 ML BR S A 2 U Tk A R T ) &

ORI AE S 50 ~ 200 nm 19 &4 TR B 40 K JBRE [ cal-
cium hydroxide nanoparticles, Ca (OH)» NPs]®/
gl oK RT3 T R A LA K v i R D
S IOE T AR T S I A T R AN AR I
Ca(OH), NPs B3T i AL 3222 R W0 05 1 - D R ik
OH & TF 34 5% pH H ; Q9 KRR A T B A 5K s &
AT BE , 7 55 200 4 40 5 A B P, 0 O 400 i i
SERE Lo

Ca(OH ), NPs X/ GL M A N (9 T A ) A B s 1)
FRE 1o RAMSEEE I, Ca(OH ) NPs X AR 1R
JE ) B AR R A R A SR
iR P Ok L P A LA R R Yl L
Mg -y 5k LR IL R W) 1 2 B R il 45 1 Ca(OH )2 NPs
RS AR B RE 30 d B B TR B E T
1 55 0 SRR R K AR R R R TR RE S
KA AR N R R e (AR R
LT AL AN PR F B A B, 3 0] 38 3 91 1)
B 4R o3 b T 42 R 4 TR YL SR B Ca(OH D2 NPs
XPAABUNE A RAFREEE- . B s
LA ARG AN [R] 358 ASE 6 5 A o /N A 908 i3 R FE O
152652 pm (& AIRF) , 1 178.66 wm (1 #f)
1 214.027 pm (FRESER) ) X FB B RE S AT 259
FE IR AR A N B TR  J e X 3.  TE HAE AR
(A BL B 1, B 5T N R T 3 T K R A g R
) B ARAR A A AU . 25 Ca(OH) > NPs 40 B 1 )5, 3t
RAEWHOL I W50 s A ) I R BT A L
FhEn, HE R T A YRS BB AR SUESE T
Ca(OH ), NPs 15 B A A B /N N A I BE ), O
AMRFEGEE A f£5: Ca(OH )2 X A5
(2 R AR T He b AT B 3 52 i, B 58 T Ca(OH )21
i [) A, 2 A JoT 0 BT S o 5 AR, R Al
Ca(OH) o fF Jy AR A8 PN 3t 24 AT g 2 3 8O A i 1 9
Yy I 5 B I L A9 B AT, DT 52 i) JHL S R L8 T
FH Ca(OH ), NPs 325 4 J8l J5 , A A< ot i i 5 %) B 241
TG r 22 71 X — R X 4R AR IR T G AR
F12EVERE B G, AR SEEGUESE T Ca(OH), NPs
F1%) 240 B 75 7 St B B A P /N BN B £ 4
Y M AA BAR A B AR 7Y R AR A K
X 1R P40 R 1 1 R DG 9 G . 4 RTAIE9E

X
A
=

W, Ca(OH)2 NPs 75 F A FUNE B I A F ¥
Y [ Bkt 24 A Jo At 38 5w Oy T RAT 3 0
(B A W) 22 A Ve T 2R LI ok gt — AP Bk
14 B4R TH AR B

Z il 5 N W ( quaternary ammonium polyeth-
yleneimine , QPEL) J& —Fh 44 K 5 ¥, H AT W B 14
FURCREPE o 2R 0 W e A K b B e e i Ak 27
PEJTT , AN Sy K Al SR A o SR T b i A B A
fe S, i) AAR S 5 BB i L3R A 22 8 R O
WERERT A T o TR T R SR e R
=2 T B T e = T ] 2R R Y R R 7 T T
PE o 3 el IE LAY B SRR B S 5l O F A 4 R 4
i BE 45 G, 5 R T B R T R A A
N AR BT T B AT G g A
FRTERE FLES N 22 525 R G AR A5 et PAT A R o L 4
SR AR R L DT I A BRI R W R
1% QPEI 4} K FUkr (Jii it LE ) 8 A DU 73 31 M ig
BE ML 5% B 50 (AH Plus) , PPAs HX 25 A BU/INVE A
BRI ML RCR . 7 dJS A QPELLL A A i /)
NI B O BN B B BRI (P< 0.01) . X
W, 1% QPELANK UKL 1915 A AT 4 T3 S 5 i b i
RE o HOGHEORSATE T, QPEL A 51 AR 2 35 2K
U8 S DAY 3R 8 0 S T e ) A5 O B R AR B, S
BT U PERE S A R DI RER AR A . H& QPEL
R AR i o 2 L 0 S /N < AR Y S v RS
2% QPEL & & 4 5 19 KRR B ¥ 48 4E J2
IOz, AN AR G v [ A B e T 2 A IR
PRI QPEL A A O D8 3 T 38 5 490 oK ek v 3 2
RHR AT B M, HLAS 52 ma 44 Rk A0 LA P RE 45 2
Yyt XOBITRAREZRER T — AR AR
SRR AL T

2 MARBERS

1 20 K GUBURLAE Sy B3R 2 38 25 1y s H A A= )
LR 7/ DT = 5 4 A AN S = B S T A o
Wy i e 5 2 B e B 0% RN R R H TR A BT
7R B O B 2 2 0 R UKL T RT3 g TR AR
3 3 6 VO K URL RS T A 25 A LRk
R 515 A L S A i DR HC o ) 4 A 2 P B
A AR R TR T IR e U B )R A
i
2.1 A-FUREER 45

A fL ik R F5 90 K 8 KL (mesoporous calcium-
silicate nanoparticles, MCSNs )il # 52 BKJE F1 2 BRE



AfEgmkiis 20256 8R $£33% $8MH
Journal of Prevention and Treatment for Stomatological Diseases, Aug. 2025,Vol.33 No.8 http://www.kqjbfz.com - 703 -

SEFY, RLARIE BN 100 ~ 250 nm, BA 5 EA P HY
2~ 10 nm W41 FLE5H , A 100 ~ 300 m%g Y /& b 3%
T BRI 0.1 ~ 1.0 em™g B AT A FLBR 2 B0 5 Fif
SRS M AUE AW T B R VRUR A
B MCSNs (1 FZICEK , 48 FH e & Si-OH B[, I
T AR R Btk 2E R PR . MCSNs £ 18 5 A 1E
HL M7, BEA% 57 7 F ) A BR 45 A, B CFL B N BT T
43 DT 25 20 40 4 48 o A= 4 ) H s

T AT R R 9 ) R A M A L SR A RE N K
WAL 2888 TR IS, TR TRV BRI B
ARSNGB B B B R
B Sk i — 2 AT R Rl S A A A R
BPEGI oAl g T AR /B S A8 i 1Y) MCSNs (Ag/Zn-
MCSNs) o FI0 K 1Y 51 ARG 58 5T A 9 B0 o
i B 3E 3 JR T Ag/Zn AT - B BB BT T T RN
20 LB TR I 4 45 2 A o o ol iR R S s A
FHA T S0 A0 85 A 28 A o 0 B (R 9 O 1 HL A 3
B0t g MCSN 5 3 5 O (2% ) i BE 5 78 (4
HMRFEE B ICA O 8, HA KRR M 0 (W) B 3 1A 28 AR
/N et — A R B RS
7 Triton X-100 7] LA 55 40 i 55 119 g o (4R 465 4, DA
AP BENE K ILFERANER S F e
MCSN I A i 2 fizg 3K 18 A= W R 5 42 G 3%, LRSI F
A TR P A 0E P . MCSN 49 K Uk A4 21 i
SRSV G, 7E12.5 ~ 100 wg/mL Bk
Y B Y, MCSN X 2F Ji] B2 4 it TG e 38 7 1, i 24 vk
JE A 1 40 we/mL I, MCSN FEAR 11516 8] 72 5t 1 41
) T
22 MR A

A FL S AR B 48 oK JiKL (mesoporous silica
nanoparticles, MSNs ) J& — Ff H.- 45 2 ~ 50 nm ¥ 1] £L
TE 25 A4 Y JC ML K Ok, HE 2 1 AR AT 3K 1 000 mY/g,
R %% B i 22 AL 25 4 A AR i W b B R AT 1Y 43 AR
PE, BRI 5 40 A T ORIR A i R o0 SRl & A
(R i PR 2 (Si-OH) |, 1] DA A7 k2= &4, 51 A
ANE B RE AT (g 3k RILAE) , AT T 4 BEAS
[ TRE

ERIEIESS ¢ -1 NN RPN P
TK VS AV R AR A R B 2 PR T B AT Y S B
FH o A B MSNs Hf L IECKs — 35 67 2% b n] g 25 42
o DL R AR, X 3 T BR B A R A o
MSNs AL EE S PR K AR P 4 F , 16 B 5 75 77
JE I bR EEK |, £ 24k B TR BB BB B R, AN AR

AR A% 8 vk A R R Y BT A W I RE T, R B
HEAER YA MSNs th Z 2591 B &
MR T AR B AR, KIS B S T R R AL
F MSNs J5 , 9 # R 30 2 2 P [R]85, X 25 i
BR B 1 S5 /N0 B VR AR B — 2 ) o R AR
GO FIVER 98 oK W0k 2 28 9 MSNs 1, 7R 1 R &
B BT e AR A N AN T AR I R Y R L)
FE 1k MSNs Hf 1) — it S8 A7F A AL A 38 0 T LA L 24
R e o 7 SR AT A R A LA R
) T o8 fipp D A g 2 A RO

YK R G AR E R T B R s R
AT TR BG4 B B R LAY b AR AR
6 0 LB e 5 5 K AN R R 2 R 259 43
T AL REBR A K AE 25 W (0 T B, 38 BE fift D KR Bt
VR0 F S A2 A N 6 149 ) 830 3 o o) 2 T 2E 47 2
FE Ak A& U A0 i ot AR 40V R A7 2k AR 1) i A
BN pH {E R EE L ARUAb N R A5 AR H e, AT
SRR RE RO H Y . B HATYOK B i R G TR
SIS R WU U B SE I 25 R (H LR e e AR
P FRE M2 (G AR ) B AR & B A In) R A
Fiffrole

3 & iF

ARSCLRIR T 4 Ja AN K BURL e 2R Wl 40 K UK |
ARG G K ORE =8 3R 40 0 e 44 K JB0RL . 24
Kidh ik R G VRYT I H WP . AH A
BHAOLBR TR ISR 10 GOR BN IR TR | S Bt
TP R A ) A PR A A A R B TR B R E AR
BRI AU B BN AT R . H TR
ORHE ARG YT b 32 R FBEIRE 8 77 TR Bk 57
S | B I ) ISR S e Sl = N
JE)HEMPT A YERE . AT B SEA AL T oL g == B B,
240 K BL TR BRI R % A AT T I 22 T Bk A D L
R 5 5| R S A | 5 10 e 2 B A G AL AR
SE W 5 Q4 YR TR A28 43 A 22 S LUORS #E IR 455 (
10 ~ 30 nm UKL R A% | 32 1B 4 9 2 A — 45 ) ; ik
Z 50— 1Y A B i AR I S R AE M, ) 2 B ]
Pt o R SR BIF 5T N 3R £R T 22 T RE 40 K 1 R AY JF
K, I 583 A BRI K A= W) 2 e E T . N
AN KA 1] 1 PR 5 1 B I8 552 ) B
[ Author contributions] Wang YY conceptualized and wrote the ar-
ticle. Qin L, Jia YM, Du XS, Liu F collected the references, revised the
article. Wang SP conceptualized and revised the article. All authors

read and approved the final manuscript as submitted.



OB & s B ia

2025E8 A %335 FHd

* 704 - Journal of Prevention and Treatment for Stomatological Diseases, Aug. 2025,Vol.33 No.8 http://www.kqjbfz.com

R GORGUR R I6 7 R B e Bk

Table 1  Advantages and disadvantages of antimicrobial nanomaterials in endodontic applications
Material Advantages Disadvantages

AgNPs (D Broad-spectrum antibacterial activity with multi-target effects, reducing re- (D Cytotoxicity depends on concentration and particle
sistance risk; ) Can be combined with calcium hydroxide; 3) Applicable in  size; @ Predominantly studied in vitro, lacking clini-
root canal medication or as an antibacterial enhancer in other materials. cal data; @ Poor batch stability.

Zn0O NPs D Low cost, eco-friendly synthesis, and light-responsive release; 2 En- (D Prolonged exposure reduces cell viability, requiring
hances dentin microhardness and fracture resistance; @) Can be used as a surface modification; @) Antibacterial efficacy limited
root canal irrigant or additive in sealers. by concentration.

CS-NPs (D High biocompatibility; ) Synergistic effects with antibiotics; (3 Main- (D Poor water solubility of natural chitosan requires

Ca(()H)2 NPs

tains dentin hardness and potential for irrigation/sealing.

) High permeability and sustained release of OH™ ions; () Protects dentin
hardness, superior to traditional formulations; ) Applicable in root canal

medication.

QPEI (D Imparts long-term antibacterial properties without affecting physicochemi-
cal performance; ) Low cytotoxicity with validated in vitro/in vivo safety; @
Suitable for incorporation into sealers to enhance antibacterial activity.

MCSNs/MSNs (D High drug-loading capacity and controlled release; @ Enables synergistic

antibacterial drug combinations; 3 Strong surface modifiability; @ Suitable

nano-modification; ) Insufficient long-term antibacte-

rial data and clinical validation.
(D Biosafety requires further validation; @ Lack of

studies on cytotoxicity to oral cells.

(D Research focuses on sealers and resin modification;

@) lacks standalone studies for root canal applications.

D Significant cytotoxicity at high concentrations and

poor long-term stability; @) High production cost and

for root canal medication.

lack of standardized quality control.
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