BEETHF R S5 S T2 %4 J. Radiat. Res. Radiat. Process.
www.fs.sinap.ac.cn

MARTFEPEFTFHTHPFERBTHOMRAR

R FERN HES KTk
(PEJEFRERIAIE TR JbaT 102413)

BE W 712389597 (Boron neutron capture therapy, BNCT) & —Fh3tF — et mmar iR, &
WZgE R Rt E R, SR TR, 38T "B (n, o) 7Li A% BT SE IR BRE v OT .« 58 AR
W45 45 M XN = R  (Boronophenylalanine, BPAD. #i2E+ Z#llki — 44 (Sodium borocaptate, BSH) 7£
R T TR I RAF AT BOR, (EWMAEE IR RE I AL o AR A AR BV R I 22 55 1), D X BA
PR, FE T AOREOR KRR T BB 45 7 77 O B8 75 49 58 BNCT VR TT BUR KR8 2 — o ARG 0]t
T YRR USRI SR, RN T E R 9 KR 5 B 5 SR A E AN A HEAT 23 M 4R A
DA g g AR T ARBIN 405 5 704 BBl Al PRI 70 2 FH i i R R it — e 5 )

XB2IE B TARIRIGST, AR T RIS ), ARk T, B

HEDES RO

DOI: 10.11889/j.1000-3436.2025-0102

CSTR: 32195.14.,j.JRRRP.1000-3436.2025-0102

5|z :

SN, R, B 2, S5 GORRL T BRI R Tl b RS T RIS (D). SR AT
ST SHEET T2 R, XXXX, XX(XX): XXXXXX. DOL 10.11889/j.1000-3436.2025-0102.

SHI Haojie, LI Fenglin, FAN Caiyun, et al. Progress in nanotechnology-based boron agents for
BNCT(J]. Journal of Radiation Research and Radiation Processing, XXXX, XX(XX): XXXXXX.
DOI: 10.11889/1.1000-3436.2025-0102.

Progress in nanotechnology-based boron agents for BNCT
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ABSTRACT Boron neutron capture therapy (BNCT) is a two-step targeted radiotherapy technique. It involves the
selective delivery of boron agents to tumor tissues, followed by thermal neutron irradiation. The subsequent
"“B(n, a)7Li nuclear reaction results in selective destruction of tumor cells. The second-generation boron agents,
boronophenylalanine (BPA) and sodium borocaptate (BSH), have demonstrated promising results in tumor
treatment. However, they still face several challenges, such as insufficient tumor targeting, rapid metabolism or poor

solubility. In order to meet the above challenges, nanotechnology-based boron agents have become a key strategy to
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enhance the therapeutic effect of BNCT. In this article, we systematically review the research progress of

nanotechnology-based boron agents, and at the same time, critically analyze the shortcomings of current

nanocarriers and propose potential solutions, with the aim of facilitating the translation of nanotechnology-based

boron agents into both basic research and clinical applications.
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Fig.1 Mechanism diagram of BNCT for malignant tumors: (a) neutron irradiation after the boron agents are enriched in the tumor;
(b) mechanism of tumor cell killing effect of BNCT
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Fig.2 Nanomaterial-based boron agents
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Fig.3 Boron-containing liposomes: (a) FA-PEG-PMAO-PhLip-Cy5-B'; (b) Liposome-ZZ-mAb"”
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(Invasive nonfunctional pituitary adenomas, NFPAs)
LM E, 4R EKMFR (+) A NFPAs 4 fE
i3 FR A A A T i M5 I BCo@CNPs .
172 A F

B AN K & BAT KIS AR s 1, i i g
ITREABMG, FSEBL R AL . I T S
2 Fa € . Yamagami 25 " ¥ BSH 5 PAMAM
R K 7 ARG, IR0 SWCNTs #E47 JE 24 Th g
s IR JE — A RS IR 9 KA AR N BUR T B
4 7 BSH 5 SWCNTs ¥ 3L 4 Dy B A4 5% ' R 556 11
EAEP
173 RSN A

A ENWIA (Nanodiamonds, NDs) ZF il % T
B, & — P R 256k Bk, SR NDs 78
BENAER A A3 A 1 DA B 1AL . Lin 55 M A
ALLEHOGH) B Bl B T E AR R
KWL, 1325 0 HICE M B-NDs. 1XAY
FEBE T —FhHT B0 485 7 7 17D IR R T NDs £ 48 i
P BPAR A 43 A U5 I HE 45 1)

Bk 9 K ORE T 5 T840, DRE AL i) CNPs RE
¥ "BAL G YIRE R IR B AL, CNPs A5 H
AT 6s e RO RIRIT R, REW S
BNCT W [FVE ST IR . BEERR K E BA 7Ot g
PERE, SWCNTs f "B Ak & 44 P 48 ) 388 328 1 7%
Gy TS, BT R 2 AE AR N R AR o0 A 1 10 2k
YEVEAG . GRERIA RN AED A A G W, R
J6 BB T HIR AR R X — . BEZ, K
ORI HE 1T R RE 0 A 2 . I IE . BEWS
AN 2V o AT AT DAY, (EHSS TEE TR
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7%, RERS SR RE RGP, XS/ MR

i) /8
1.8 Hifp

b7 BB PTIR R AL Z AL, i AR Z HoAh
AN F ARSI % A ), e A B SRR
PERAEVE BT . DI REREVE DL R AE IR 25 . MR
o A5 2 QU R A L P TR AE N A, R R IR
517 BNCT SUs A TAEE A 2 H G, IR
T2 A SR AT AU % 32 O SRR AL A
SR
1.8.1 mMARET

Wi M 44 K K ¥ (magnetic nanoparticles,
MNPs) fg i i 4 BRI B A A R K 24, FE A1
Wh375 51 5 T 2 30245 40 1) v 2808 i O AE P B A R
HMESRIC T AT RE AR, Zhu 55 R ¢ S
2 AR BRI Bre AR I ) 5 T BRI UE K Fe, 0, 44 K A
Wi, FRERAN RIS 51 S E R i R 4, R
PR P B e 20 51.4 ngfg, T/NAEATIL 10, iR Py
it B INF H] £ 48 ho AL RGN K UKL 4R 245 f7 1 ) &5
Peo REMAC. AEVMHAIEZESE B, Tulebayeva
G E S AR L FEPER. R
ARG ) 32 P i = P AR ek o B 7 1) Fe, O, 44 K
R AE A BRI e 35635 4 M4« Oleshkevich 2 57 g F [i]
B 5 56 VR B R T X6 Fe, O, 9 K UKL HEAT B, 7E
T R /N B, a2 fE W AR SO . R
SRR E 5, Srh I, STIR A g
P 4 e 2 B A T FR A A
1.82 X&HAUEHE

K HAAL &7 (hemagglutinating virus of
Japan envelope, HVIJ-E) HAHUMIBEE, lHGE
PO s, S IMREAAET, Fujii & " HVI-
E 5FH & 7B (Cationized gelatin, CG) %54,
35 A T HVI-E [ MLEEE 1 4l i e, IR
#, BSH J¥ i CG-HVJ-E-BSH LA il T BNCT. ¥ H
558 PRGN 9 7 30 min, £ O Y B R S v T
BSH XA . 7Ef 2 KPR N, 452548 h
W T/NAA LG % = T BSH X R . 7 B 7E 45 2 CG-
HVI-E-BSH 24 h, BSH 1 h/J5 47 F4EIH, &5
W] CG-HVJ-E-BSH S 56 21 1 Jo /)y B, 2E A7 I (7] B
Ko, g A B OE R A2 1P R WA 2 i .
ff &R S HVI-E 31T ThRgfb, tHagse
BB ) e A BRI Y H K, Yoneoka &5 7
fit B o2- BRI U B R £ R R R OIE B (2-

methacryloyloxyethyl phosphorylcholine, MPC). 3-
O Y M BE R 2E K W BR (methacrylamide
benzoxaborole, MAAmBO) £l 7 HVIJ-E, & i
HVI-E/p [MPC-co-MAAmBO], ¥t 5 T 41 ity
HL% F 45 min [ 90 min 5, 18 1d 5 0 BUE AT
% H|HVI-E/p [MPC-co-MAAmMBO] 7E 4 Jifd (1) 2 ff1
JERI S ATILR
1.8.3 ML A R Bk

I FLRE 2 44 oK B KL (Mesoporous silica
nanoparticles, MSNs) [ P &1 L &5 #49 v H T %%
2y, m o DMORZ T T BA 4 o v i 3L o g
R b BB AE N FL A EER T, T K
RORE 5 Bl B v, SRR E HOoR K YERT 2. 22N
RAETRIG BRI 7 il 2% 1 —Fh A7 Bl b 4 e
A AL R AR, KIS AR S,
SIS S, dHR ST %95 92.8%. Tang
S0 fd Y SP94 K 2 i IR BT XL 4> ¥ 2 (lipid
bilayer, LB) {178 [f] MSNs Jf %1 “B-#l 2 (“B-
boric acid, "BA), %3 % SP94-LB@BA-MSN. ¥
K5 N a3 s, a0 0ok a4 e
TBA. BPA Xf 41, &t 74, SPY4-
LB@BA-MSN SZ56 41 % “BA. BPA X 8 2H 41 i 1%
JIE ] B 2
1.84 £EAMER

% )8 A PlH % (Metal-organic frameworks,
MOFs), R JLHHR G — M Ak, H
BAREE S BAER. AVMHENLE. 55
B SRR A, BB EL, Z
T WPREEE SN A 22 T DU R AR B A AT
HHIRVE. Wang 55 B RS- Y (4-5R 38 4 HL)
npk MOFs F1 “BA ] £ 73 2| 99K 3L § 44 (nano-co-
crystals, MNCs), HA RUFHFE M. R4 H
PEAT R G I AR DA B o AE A7 SR A7 o /D B
Y5252 h G IR N B IR FEIA (67.5+4.2) pglg, T/N
419620, T/B{HZ13.80. %%ImifE K& YZr /i 5
(¥ PET 2 A53512€ B MNCs AT LA 25 3 ifi i B 5 -7 firb
RHAEMI R @ TSGR/ AL S
4 75% A£3% , 17 BPA Xf JEZH /)N B 3 J& 9 42 2
T- . Wang % ™ i xf BNCT # %F 4£ ¥ 4 2
(relative biological effectiveness, RBE) #EAT 1Al ,
33| MNCs [f) RBE 4 "BA 11 4.1 £
1.85 %okt

% Ty g B8 2 1 AT RHE R E 261 NI H
MG, At SRR RA — ek, W
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AT LA 2 . Dai 5 Al R 2 B -0 2K
W& B2 fiT £ % (Lipoic acid-boronophenylalanine,
LA-BPA) fEFFE pH %6 T3 25 M 22y, T
NIRRT 2 . %5 WP 5 L-BPA il if LATI
3z H RN MR 4 AL AN [F], I o
BT ik 5 e 24 i 2 1 a3 38 ) e IR PPk e
G R T AE M-SR AH B, AT o 2 i gk
N SR 20 B, b A S IR N MR 4 i fE SR
ROS & &t A F T 2k iA T e bt & 175 S T
TE Ao R R /N B, 350 mg/kg 25 25 T/BAE 5 =i N
5. 6 hfEdHATH RS, 18 BNCT-HIT ¥ [FV6 9T
Je 2 RIAARTR T FIVE A 15 d g 15 21 58 A 4] o
MNPs 7E FF S22 5137 (1) 51 5 T BE% K B E [r)
1532 8 iR A 23 ELJRE N Vi RE N TRD G . AR, MINPs
(i o5 T2 s b i 2%, W B AR F 17 4B
& W) ) MINPs £ 4 P 326 126 0o 7% o ] 8 H 3B 46
YRR AR R, Wi C R e EE B
LGP MNPs feoE AR AEWIAEAEEZ . 5 T H
%, (AREREENE Y5 T ReAl MNPs — i F2 FE fif Tk
T UL B, HVI-E gkt 5 & B ah G 0 Hpk
A Ak, FEp MR E R RS i [R BNCT 4T
MR YT . RAE W, MM KE IR 5%
ZiE R R AR 4K 2 %0 . MOFs 5 MSNs B8 it
BWBALEY, 8T AR A R A T
51 T B 3= B 1) 7 AR 4 N B A R A #
BNCT ZER HA I [T EE,  SR1 45 253 72 1 245 it
T~ 240 TS PR A YR 47 o HE R R A A R 2R T g
AFAETEAE T3 1 S5 A7) A2 5 B AR TR AR MR R o A 1) Mo A
PR ok 2 a2 ) el e 200 L P 2 B BRI, R A X ST LY

AUKTRAE R, B TR SR SR, Rt — b
Kito

2 BtESRRMY

YR EARIE 25335 AR 3 BNCT HAR K& E
BRIt BRI 71, SR A [F) 9 KR 1 B 455
WRIBFERAEGRE (FD. HIT4KZHE
ZIYRRL 15 B T UG IR AT I B, AR o 4 — Fh gy
KA A HE T T I PR SE 58 i 25 Wik ik, d i 40
KA ARAZ 3 BNCT AR (1) K FE AT 75 i a8 53 1n)
e, HET, SRZYURRTFER N A AEES
ROVEAR 1 F B, 9oKRL T AT RE 5] R I R 7 1A
NN, SR . /N SR 45 DL K 40
JROSE AL, 50 R T P R A . ek,
NS ENYS DA | WA NS P
YKL T 1R e 5 BRI B T B R A R
B TR, TR S o 1 R A e 0 1 22 A
YUK T ICVEAE R R 3 5 & 4, JRILAE R
FE. WEEmLAEMEY, ER4ARKZHYK
KL 45 B 1 4 M Ah B (R 5 R, TG R B A R AL
XA R /£ BNCT S 5K, Xk, i 5
T (pH WA, JR WS . B 245 ghkoki 1
G FL A /N T (I BPA) R 245 132 32 SRS S {8
RSN, @I gk TR, DR R A
A I TR P 55 T A B 5 S 24 P R RO TG
ZRUL EIR . Boa, 4K 2 B ARR T % T
S R BB A A e R, R 515 HL ) T A
AT 58 5L S T I R 38 77

R1 ARG TREF AR ST R LR

Table 1 Comparison of advantages and disadvantages of different nanomaterial-based boron agents

AURRL TR (R
1 iiple~ut]

Types of nano-

Advantages

material-based

boron agents

L

Disadvantages

Jig B AR AR AR 5 WA K P A T 3 7 5 T [ PR 7
Liposomes 25 ALIT 251 G R R S S BB [RIVR T s 5 T 2h

RETL

Good biocompatibility; adjustable size, potential; si-
multaneously load boron agents, chemotherapeutic

agents and immunomodulators for synergistic treat-

ment; easy functionalization modification

3 G IR W 245 2 Tk 52 < S I B I o 2 AR N A
ENEE RN SRR RS B
ZEp

Limited encapsulation efficiency; easy leakage of boron
agents; some boronated phospholipids lack in vivo sta-
bility or cause in vivo toxicity; easy to be phagocytosed
by the mononuclear phagocyte system; difficulty in the

preparation process for mass production
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gk
YRR TR A2
NI agit| Advantages Disadvantages

Types of nano-
material-based

boron agents

REMAK
Polymer nano-

materials

RS T2

Dendrimers

RAIK K
Carbon nano-

materials

FRACT AN K 2
Boron carbide

nanomaterials

BACTNGIHK K
Boron nitride

nanomaterials

YRR
Gold nanoma-

terials

MR BNEST s ORI s 5 T IhReq s TR
{0 R S AT 2 PR

Good biocompatibility; high specific surface area; easy
to functionalize; the loaded agents can achieve con-
trolled release

R4 RIS 5 5 T I Reft s S A HoRs e

Adjustable size; easy functionalization modification;

precise number of peripheral groups

WA AR ; R 5 13 HAN M AR s i 24 R
AL B RE R LS DI s 5 T DhREL
Stable chemical properties, available and inexpensive
raw materials; diverse species; (surface chemistry,
physical energy, and catalysis) high activity; easy func-
tionalization modification

ARG RE M AR E PR 5 LR TR s RGP RE LT
Good biochemical and thermal stability; high specific

surface area, and excellent agent-loading performance

AL AR E s RV B E b
Stable chemical properties; good biocompatibility

FiAE AR VB ST 3 s 5 T I Redl
Adjustable size, shape, composition and structure; easy

functionalization modification

il LEER H& LML T2~
Complex preparation process; difficulty in the prepara-

tion process for mass production

8 TR I s 8 BRA 55 53 s AR 20 7 S
JEPBRSE s ARACREIR 0 700 S R AL

Complex and expensive preparation, easy uptake by liv-
er and spleen (high generation), poor loading capacity
(low generation)

AWRENE R > HOME 22 RS TR RE 2 s A R E R =
Biotoxicity; poor dispersion; poor agent carrying proper-

ties, poor stability of agent-carrying complex systems

TIREAG NAE s AW PRMRVE 22 B I L E R A% s IR B )
AR

Difficult functionalization modification; poor biodegrad-
ability; complex synthesis process; limited tumor target-
ing ability

ThREAL PRI - ZE VPR i 72

Difficult functionalization modification; poor biodegrad-

ability

IKENE S AR 22 IE W 5 s 4R
Poor water solubility and biocompatibility, easy to accu-

mulate in normal tissues

3 REG5ERE

AR BRI % 5 R B ST bR 5 BNCT 45
RN iR B 17 P RE VAL 5 B B G 2 SR T KB B
Beo SR I FURMT, 8 9Kk LA 95
FIFE ARG S B AL A PR e, (B B A
S P M, e SE BRI T ORI A AE TR R R
P, ARSI R AR B R 25 46 /N 1) B Zh SR AN
ARIVHBEFTI 30%. X — IR AT RES L F B AF
FERIK: (1) GUKE A AL L B 5T 1 25 H) A8
PR R s (20 B 24 L5 i R 0 50 AR 2R R AN A

(3) ke b TR SE PR A A R

ERRIERZ, BNCT 5HARRIT 7 (B4
EARRTAIT . REIRIT . Jesh IDeHIRIT) 1
iy [7] 280NE S 7S Y R T . 22 BT 7T % W P [
1677 T A8 J R A R s/ T AR CBOR R 2R K R
i ER

TR RGR AR, AR ARy B A8
if FDA Il PR & U AR 25k R 48, BA %€
DL o BT BNCT R 5T 1A S0 455 2y 751 48 )
s R AR R AR SR K R B K Oy TR B R
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VERI SO T s 22 &5 e A i BE B (] 4G, EPR
KON S 3d I PEG & i fie 1 fi 35 32 v L b e vy B
f]s B BUARERIE 2 T IhRefb; B M R aFr4E
VIR, JRITFIE T R ES RS TRAE
R<5%; Gy TARNIERE, FCBERG S5 M mTiE I AR
BARAE 96 /NI N TERR 85% L E, AP AN
FBAFIEIBIE . R IR URE MR A
PRLESERE B 78 H B B3, HEHIGRE L
Y = KRB (1D BIAEEKEE. ¥
) 28 KL 2 T EAEY KA1 5 T 8ok A% 4
s, MRKERAREZERS;: ) LSRR
IRAE AR IR ()32 IR EE AR 50~100 pm JE [,
JE IRV X 24 10 T 38 10 % X B AIG 2~3 N B 2
(3) XZ135% B4 25 R s e AR ST, 60%
DL b SR AR T I A PRl (A0 B, SIS o 40 A P A6 77 B
M BEAG o A 1] & T 203 T R il o 2 284 g o Ak
W FLERAE T — 8 AR 71, (H I P aXE AN
A IA FI I PR SE B S 19 H . 15 T HoAth g4 Kok
TR A AR S SRR N AE A P AR
BN, PSR (A EE TR AT
NG ICEREE N o e Ah, BhIRS T — R Ak SRS X
BNCT B A # 0 8 . 3 3ok 52 i W ) fi 983 4 41
P B R FE A o LR N A, n RS HER IR
SF %) o AR BN IRD 5 10, 0 e 40 A M R 4 50
Tt R A 5 1 PET/SPECT 25 % Ui
F T 4R oKRL 5 B 465 3 770 R0 4k P A2 0 23 AT B e g
A mIP A R R — e e, X2
BNCTH AR K JERI KL —.

g LTI, gk BR A A ) L & N T
BNCT B EANE, (B I v 22 0B R} 2 1] il 5
BRI, andd 8 A= W0 A 25 M A S0P 7 1
Koed. MRALNEL LIS EHE%E, Fid
] 45 9 B HAE BNCT AR N R e i e % &
H5W OB . HEroa 2 M B gekoR
TABA% 5 750 e N TR T, B A i R IR O ik 1
T H R SE, (HE 5T AR G oK 3k
CAnpe koK oy 1) ISR ARSI 70 J LI A, o2
BA B &AL 1 S50 TN E, ZBPIKREA R
Gkt BNCT AT (1 R A 75 O 0 S ol = St 9 b
B, RESERANR RN S, ErS5H
IESRIEZA TR “CHa e FME, A
ARACTRATF LA M. BEFEEEMWM A R,
AR, O SEMM R SEPRIM . A,
T TR B AR R A I AR ER R, R IR VA

J7 BNCT 45 B T HoAh Uk, 4 i 3 A 4% =,
LRI — & N R 5, 9Kk BL 5 70 7 A
2 T B FIFHE AR T

frETRAEN EERAAREECH. KEMK
HABEER; KT REATERCH; FRAM, #
¥rhmwflAGREx. FAREEHCER;
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