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[ Abstract] Kidney transplantation is the preferred treatment option for end-stage renal disease. Although early
prognosis has significantly improved, the long-term survival rate has not increased substantially. There are still significant
challenges in addressing organ shortage, maintaining the quality of donor kidneys, and preventing and managing
postoperative complications. Nanotechnology, with its unique physicochemical and biological advantages, shows broad
application prospects in maintaining graft function while achieving precise immune regulation and complication
management, providing new opportunities for the diagnosis, treatment and management of kidney transplantation. The
applications of nanotechnology include donor kidney protection, human leukocyte antigen typing of donors and recipients,
early diagnosis of postoperative complications such as rejection and infection, and targeted treatment of ischemia-
reperfusion injury and rejection. This article systematically reviews and discusses the relevant research progress, evaluates
the advantages and potential risks of nanotechnology in kidney transplantation, and explores the challenges and
development directions for its clinical translation, aiming to provide references for promoting the precise and
individualized management of kidney transplantation.
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EEB N S0 A, SIF/EENF, ALATEFT, EaXFHE FEF AREREEHM
HEIfE, BHRFHET AEF ARERS BRI BAL, FET RS AEEDLFESHE S
2R EMHEER, IHERARMFALTB. T AAARBAFALFRASA, ATEFTAR
HAERRESH LT RIRBE—R (2000 5 L) . £ Advanced Materials 5 B ¥ SCI 287 &% & 10 4
BXE, AETRHEAREPREFLABRESMEZ S LBARIEH 2R, AFEREBERARESR
% % Chronic Renal Disease, BKMIEELERAEERIL, B BHH ., SEMESH. LT EHH
F, EBHEREFANLRAELAFEHEE, RETRT A BEBEREF Lm0 %P

S ERBR, FHET MR A AT REBHAABKAT F§0aR.

B B e XK W' 5 ( end-stage renal disease,
ESRD ) B WEAIAITESE, M TETHE W ek
AR RVETE TR, S 25 FHE R B RS i
AL HE LRSI, B R RIS B T A]
WHEE, ARJE 1 AFEFAEREET 90%, (HKMIFE S5
THERR, R AL 10 4705 R0 50% 47,
THRBEE A Il 70%" . 28 E R B H 25 R, §
JEFRUEALE BTG 2, S EbE L . RGIEA
FEIZYT . B R Tl  E R APk K

YUORFATEAE AR R R H AR A
PIRAMR R, HAERS G H i, Tz H T
TG . ZW 5RO R, KRR TEE R
PGSR EIREE, AL R B J5 I A T
TR BN R TS . TR HEsh a8k
HORMIN R R, AR SCHE R RAPREAR S E A
KMEFE, EGE 5T BRI R A SR PR AN 7 ) 4T
JEH,

1 HERBRRGES DA

1.1 ZREARE IR

YK H AR SETE 1~100 nm 3 ] P %F B4 REEAT 15
Th RAE. AR, sSXRG TR, ksl R
Vi, W AWBEAE SRR SR, BRI AR R
JzW GORMR RS . (1) IREE/IMBELR
BEAMD; (2) RebL TR IARZ 1 22 7 Kk 1
ARV, A e 2L RN OB R, A
SRATIAYE ;s  (3) TEAEWIRRVE TS, KA LSO PR
iR, A A AR IR . AR HER TR
P, T HAR A Y A JC AR AR L. AR
ARE g AN T B, HEshAK B ry i &k
JEIFHUS R
1.2 MR AREEFZTIHRI N A

YUERFRT |22 T i AR, A T4k

BE2E, fEZWOTIE, e TR RS2
Wr S ERIT IR A . BIan, JHEEGRIBR S5 nT 10
EAFIRGEXT L, Akhmadeev %5 3 i & 4 25 15
YK ER, HEFRESREE . B0 EmEUHE
B RRURR SR, Ak TR UG CR
20 it S0 2 9 5 A0 K Db 3R] T AR AN R
WP, AR S GO 45 G () 2B ) A% SR A A DN 328
PRI B W E S EIRIT O, AUKREORE
HTF2piik . LAY . BT, BEHEYT . ot
POBITEC, Gk TR, R T RAEFRR &
TGk SAORRY, Flan, Ao ST
AWIARAE M, TR AL T R sl Ak & P R0 ) 2R A
TE B W) S 56 v Jie B R4 B 5 K A RN e a8 R 0
BRINS , GOREOR DS HEE 2 D) aeret:, s
BITIR R

2 WMARBAREBEHHNG SR

2.1 ISR

IR TR AR5 ORA 2o AR T AN T e A A B -
HEEB (ischemia-reperfusion injury, IRI) , HAZ%
O AR AE T IR A MRS AR 2R AU . BT
JEFRMEGL S BOREHISE AN, AL G v ORAT CE 2 i
IRK o B ALORAT nDRE & B PRV HN B AR E T UKy
PSS, WESOKEIEI, (HA MR RNE IR )55
PTG PR GUREAGE RS g St T
W, RGN T A8 B DK 2R GE R AR IR, R 52
PP . AR, B LU "Y, Sharma Y
i ] — S At . 2 SR A RN OR TR TR U I,
WOR G 2% B A D RE € 4F o Han 55 11 gE — 5 iE
52, OTE A RSN AR B ORI R IR, ELRhik
AFIFIRIAT 5 100 do XRIABREMLA “HURIniR" £
ARAT B 35 I LA RS B R AT B, AR
T, AR IURE AR N 28 N P B 22 A R 5 2 )
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WEFRYI, WA IRIDS, R AR ] RS
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R GORF AL BIMAOK R . PR EE RS T
BeRARE AT RE, BIU0 HTCC 40K o AT i 16 4o
g, Pl A Y e Al AR e Y
PUMRZE A R A A 2, T R AR gt it T
PRI T HE O v R B, min gk
MRHE AT AR A D RERE TR AR, ] & R A T T
B o WRHEARTERS B IRAET RN C RO ) el Mgt
&, ABAFRHEAT I 20 K e s, LIEsh
R A RS 1
22 HEEANEAHAMAESE

P2 B AN AP (human leukocyte antigen,
HLA ) DCRCHREE B HE RO XU, S ma RSt
KGR . HLA RGTERAE S 4% h R RO
YERT, HLA 53 B TR A 32 35 UG C BE K 53-#r 32 bt -
HLA HUiR ik B B2 P, SR, 8 F 0 I T 2
S RUNMELLSE I ECIE AV BC i AR PPA S MR R R
R Y BIAFTG . HLA 50 BH AR %2 9t
RIMEFESMMFE D, RIBER IR EH TR
PR PR AR B e g AR R R S
PRI VR =AM, GRALIN ) E i ok
FLIZERSEHE HLA JEH X, 48 S i i s i &
SYEMOCRBEE S, WA R, HHE& R
O RN, REZHAEEE
6 HLA Z3 R i AR K, (B2 AR R &5
B R 3 a8 L B HE Y Kbt HLA R4S s LA 48
FHEPY, Ak, BEE AT ESEENAL, GPKAL
DN P SR ARG MR B 2o e RHE R sy AU 0 Hh 2 42
WEEAEH, (HHAERE . Rt HR i — 2 8 .
2.3 REHEZENRHISH

HEF BV AR 0 B R AR T S RE N 2, RN
BN Kt TR EE . A IS % R BRI 4l
LU . SR SMBRTIN , FAAE G5 P B R S IR A%
AP GORFAR NI Toh | m R I
TR DRI, AUMIEEE T 40 AR FURL e
S A MEHE R R (acute rejection, AR ) MITETERR
PP, LTI, Mac 85 K 11 UKL A 40 K 15 B35
W R BRSSP T 20 3% M i TC B A

W, HAEEREMKE S mAEE . &Rk
Mg Pk HR S Pl ], WIRHEIZ T
RS S HE R RO A T M A- A HE R R, TR %
ik 93.53%%, GHUKKFE G CXC B TRk 9 i&
BCAARGE T RS MR AN S 0 HE R SN, T
R 79.0%" . PRI A ARG/ RNA TR IE S5
AR TR EibR G, LA UL, 9K EARIEHES)
HEF RV RS W i Toa . RS TEIL R R

TERE YL S 3 R RE T I, AR AR R RE R B
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PTG, SR IRIY AR Ab il 9 R 0K 38 2o 4% I
E2 AHIC A 2 38 45 A LB, 40w 0 e )
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Lhif R E 22 B B 2 B T K . BE TR
A, ZEAVFROPKRER G RE, Flin, 2%
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FHEEAR, @t PR © BRIV R 1 53 1 2 2 Gl oK Aok
ML R, ATLAZIRER ek, ENY LR
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FERARRIF R 2 BIRANK L5t T, (H23)
REfL R E A A ROV R, R RGNV
B

YOKRFARE FTHE Ry 25388 157 & B 5 8 1) 1 5 97
. TREE R ERIE A4/ % (interleukin,
IL) -10 %K 25 20 Jfg &b 5% 6 v 40 ) ' 10k, A3 R0 22 i
IR 51 1 /NVE S B A8 PR AR vtk 4
JRIR IR K HEY 3B 2% 1L-37 REHN I PN S i T, 2
HE I B AE I RAEM . Klotho BRI GKBIRL . 2R
FET IR R G . PE Al T S FERAA G KR YT
LA K B ) SR AR ) W3 1) S Ak Al - SR A A oK R )
ML F R TERS A, Besh, ST Es &40k
ORLFN A D RRREE AR s M RS 1 2
AHEGIE AR AR, BA S pIRmA . L
TE R KNI U S A P fa e e, B SRR
A o [ 25 )08 R IR ()4 [ A BR A2 i
PEARB 20BN Ty 2B b, W R T 25 ki i LR W)
B AR AAC P IR AR ROR , BRZSE B IRT A AL
B4l

BT Bk, TR RGUKIBE RGE . YIREAK
WL, RS A AV A GUOREIR, HIER T
TR, B2 Cah s sk, R 24
R 2R R R AREEE R AR DL, XN
S IRLAYTHRAE TSRS, W HUR & AR H A YA
B ZIRe b K 25 YA S R R SR T 1] .
242 HeFF R RUE B RS R R AR i Tl
J5 R SOSARIH A AT 1) E 2T . AIRYT
FEMA R 2, BT A AR AR, BRI
JPRA R IR NA Rk . AR R 22 AsHE . IREEE
GRETH IR AL T R ISR . B 09 9T 22 R
NanoCrystal £ R 38 1 75 % 53 w] (7K ik F 254X 30
J1%, WUINEREE SN, R T GOKREAR TR A s
RIS 1. IEAER, JETAUKEEIE RS RIS A
WroE M . Shen S FI HI D) GE Ak A FL A4 K ORLKE Ath 5
IR RHEIVE T 400, oMb, B
RSP (donor-specific antibody, DSA ) 7Kl
PRI S HE R RN o e [ A K AR MRS
WK JeJE, PR CAd BHMEN BZAIME, B RAE . PR
SETIRE, I R I, B EHE R SO A R 2
SR P R ER K, R Y TL-21 Hh R ARGk
RGEA AT B 40 0 F1 DSA 77, RS
IR FIAFIG R, Gy (B MR MR AR 1] 38 L Vi R 22

RS I AL A MO T, A0 56 R AR o P e g2
SN, /> AR FIBGEAAE R, FiRERM], 94
KRGS MR 25 ke v, B v 254
03 SN S A sl R ZH SRS A ), R Z N
KIUREAS B I RE A A3 I HEF SN RLRE -

TELGYIT K T T, EFXT DSA 5 BRITE & (499 K4
APR38R ATE PR PR IR0 B2 5 WA W B
GE R AMATRAL A A N it . shsci s, i
TR Gy 2 R iE R (3R 839 /%) L 12
VEVEATPE T 4008 (regulatory T cell, Treg) H4%H, ¥
[l i A4/ N B A A ER 23.6 d IE R EE 78.3 dY, it
#k, Lauener £ JF R AIG IR AT T R, DIRefb
P A K UL R A B A BH 1 R I R R A T A 0
HLA-A1 Hti, HA M 4000 K B ThRe, sk
AP PO TR REAR 65% . X —HT i Tk%E
T 1 ARG Il 4 5 G W R A R I iR B R S
AR, JFRE T JCA . K HETE Bk DSA /98T
J7nl

PRI, R E AR AT A2 D HE T S 52 %
R AR T I, AN AT e e 4 24 A
Mz atk, HEsh TR R IR T RIS R R 5k
JE o AR A G e B T R A
WARIR ARSI AE NI IR EE AL . 2 MERE S
ST ROTAL T TSR A -
243 FFREMZL PR RIEM I E R
D PRALSR MG, (H T o 4 A AR 7 A S i IR
Eefb o AUORBARB AT, ARSI PR
SMACRG 5k, BN A4S N R A e
FARPEFN B G A, UHAEY AR e A b
S R ETESR , 20 0 18 M HE R RN KRS T i B
Brasile 5% 3 1k I 13 94 K Jo 5 640 7 (16357 148 R 458
TETC A B il T REQEHE R S &4 o Tietjen 551
FEEhT CD31 9ok ks, 8 RS 2 T )2
M4, AN TR IR S HLA 11 RIK50, &
X325 P RGNS WA WIR R, Wtk IL-
2 HEARAE K R - I A0 K BORE BE 2 #E T R S 1
Treg 551 32 A SR A ML 2 B 70, B0 o] A I 40 L 11
BTGB T S0 5 8 P 2 IR G M, T
KEHYIAAGIF RPN, eAh, AR 28R AN AT A
MISMBARTT i 5 T AN 52 . 380 Treg LM, fidik
A RPEM 2 EE ™ 25 E, GREAR AT L A1
ZHEMANYESL, ZRIKSE T RN Z, A AR
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