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Abstract

We designed and prepared a bilirubin (BR) supramolecular nanomedicine, SNBR/DOX, which was
constructed by anionic watersoluble [2]biphenyl-extended-pillar [6]arenes (AWBpP6), pyridinium-
terminal-modified polylysine-bilirubin conjugate (PBR), and encapsulated doxorubicin (DOX) based
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on host-guest interactions. Owing to the strong capability to scavenge oxygen and reactive oxygen
species, the hydrophobic BR could be transformed into hydrophilic biliverdin (BV) under the action
of oxygen and reactive oxygen species. The transformation from BR to BV induced the disassembly
of supramolecular nanoprodrug to release chemotherapy drug DOX to realize chemotherapy (CT).
Meanwhile, upon irradiation with 808 nm near-infrared light, BV could absorb near-infrared light
for conversion into heat energy to realize photothermal therapy (PTT).
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1. 518

JHAZBREN—FhigHa R, R R, UL E A BT RASHEE P R LRS-, +
TR A NN ZA Bk, & RS S R EAAESR S Y 1] [2]. KDk, SR 1
REFRLET AT, B A LR, DL Wi 28 o RS o6 £ A0 o 452 473 (R ) A2 8 28 ) L
P07) 55 B3], 20 T4l 80 44X, Stocker 55 N B KIUESE T RHZL X A B BA R EFH[4]. Bl
J&, ML ERBER B AP R R BT A, FE51E T AAIRISGE . SR, IHLLERAEAE B pH {54
NARVET K, X PR R 7 AR BE 2545 B R [5] [6]. 4K ZEMIAE L T . 25 25 A0 A% S5 AT i L 2is
s 8 T RRA AR AW e 2 R [ 7]-[9] - #dn, Jon 5 N RIhiz Fl BR KRk fE 2y ROS J M
Yyt AR, @ BT RAIT 2, AR E] T E AR IE BR RORE, X R AR AR W R A AU A
B RE R AT 5[10]

AN, O REEREMEEA LG, SHANHESGEBY) [11]. HBERE MRS OB X,
W2 ML E A fR R e TR, PRI VIR 4% 2 UE S B A BRI 4 R B2
P LL AR R P, DU BB R T eRR e MR [12]. #ldn, Xing ZE NRAFR, BHEER SAKRFIE R E
UL AN R BB A MR R B, HET S T S AR A MRV R, SEIDERTVE(PTT) [13]. ST
VRAEMIR IR TT U A 52 RVE, AU IRER SR m, TEA R BBV B, BT CFEIREAFE—
E R RRYE, HIRS I FE R S A 5, (A8 PTT AR ME 78 A3 il g A= 4 [14]-[18]. BRI, #%
HRST HWITS S, DR — a7 R R, DUSEIL “1+ 1> 27 P EVEYT RO .

A, AT % T IHL R T 91K 259 SNBR/DOX, & H B & 1 /K I 1 B 4 g A
[6]75 )& (AWBPPS) . Mtk i AR i & 11 1 SR B R - BHZT 22 3L 504 (PBR) AR 2 25 (DOX) # ik AWBpP6 FILHE
Z A EZARVIER . SREKAER IR - HERRVE MBS /E L FLEK R B RS 21K 1). 1
SNBR/DOX it )y A /E F ik NP A R fE , Bk YRR Rl 5 R s A R 4 IO, FE A sRK
PEREAARER =PI SR 3, T S BULE 7 T 9K R AR MR B IR BT 82 3%, SeBAbyT . b4t
AL S5 HIRE S AR UL 040 6(808 nm, 1.0 W/em?, 5 min) & 5 T~ 26 J 4 i (RO B SRR, IR T,
AIEMR AN, FTORRITIE. UMM S R ZILLL R T AR A R RIT - 17
(PTT-CT) M B[Rl FL e R R
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Figure 1. The schematic illustration of the fabrication of bilirubin supramolecular nanomedicine SNBR/DOX

1. SNBR/DOX B4 £ FHKAMMFIZ REE

2. SEmw
2.1 REER S5

1-(3- = B TN £5)-3- . BE R — M #h BR#E « N-F228 T It W i A IH 20 30 | _EgBir s TR A PR 2
] o SRR S R e R TG K I B B 255 . 255 EA GRS B e - TR (LB ER) (P-PLL) [8].
RIS 75 AgilentAV-400 1435 [E Agilent 225 . Zetasizer Nano ZS90 44K fir & HEL A7 A I
T B RSN A A

2.2. BBLIFEBSTHRAMEHIE KR

2.2.1. PBR &R

Y 58.5 mg JHZL & Al 23.6 mg 1-(3- . FH R FE A 3E)-3- £ ik — 0 e £h R £ A1 6.9 mg N-F23& T Bt W fi%
VEMRAE 5 mL THRA LA, 768 FHERE 10 22805, I 20.68 mg MENE - 28 (L-TEUR) I 14,
TERURE R 4 /NS NN 288 2156 200 mL 22 BRkiif B ORHAT 2 . TR 003 0.1 M hER Al 2 Bk
W, BEATIRAG R B AN E - S (L-BE IR - IHZLEK) (PBR) 39.2mg, /=2 61.4%.

2.2.2. BB RBYFAMKEY SNBR/DOX Byl &

# PBR (5 mg)Fl DOX (2 mg)iIl A\ 1 mL DMF #, $iidtid % )5 22023 11 10 mL AWBPP6 (3 mg) 1) 25 &
TS, R824 ho HFFER)E, KIEWE T 70 78 1000 T4, H 500 mL % &5 /K&
48h, B 6hI—IREETK, BNERE, AHETEBRIEAZE S TH°KZ51) SNBR/DOX.

2.3. B RBSFHAKEH SNBR/DOX Kyt EERASR

2.3.1. BB RBS THREY SNBR/DOX IR

# 5 mL 1 mg/mL AL 2 7 140K 259 SNBR/DOX VA & T BT 45 (4> 1 & 1000)+, 4RJ54r 5
B T&4 DMSO (1 M)[f) PBS & uk [ 445 DMSO (1 M)A H,0, (50 uM)ff PBS i+, T 37°Cik4T
T, HAORRE4L, FH 808 nm 1.0 W/em? 3 14t AT IR ST 5 min, Hﬁwﬁaﬁﬂﬂﬁﬂ A A R AR FR IR E AT
W BT T, @A - Ay WO e T 4 i)V DOX 8 &

2.3.2. BB RBSFHKEY SNBR/DOX R4S

75 96 FLb Y, LAEESL 1.0 x 104 935 B AN HeLa 40f. 3537 12 h J5 B33, MmN & A AR
WEE ) SNBR/DOX 577515 7% 48 h, AR BIRA/EREFE 4 h 5 F KR 808 nm. Tk 1.0 Wiem? [
W LLANGREAT B 6 min, SRS 4RSERETR 44 he SEFRETRJERR LG TREE, dlid MTT 77 A7 40 B 1 1Y)
M
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Figure 2. Synthesis of PBR
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Figure 3. 'H NMR spectra of PBR
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B, BATEEENER & TR R T 49K AT SNBR/DOX, H i PBR. AWBpP6 il DOX i
it AWBPP6 FIRHBE 2 8] (1) 3= A4 R0 AE F DL R SR KAE R 0 e RV E T B 41252 . SNBR/DOX (1)
b2 Eh B LU (DLS)HH TR AL . W 4 Fizn, SNBR/DOX [tk J12Ekifd 2t 125.1 2.0 nm, £ 4r#L
PEFER(PDI)JZ 0.11+0.02. i% DLS ¥4 &7~ SNBR/DOX S&i42 44— H /N T 200 nm g8 Kk 7, XAER
YR 2 2 AG AR 1) 8 3 P R i B AR (EPR AR, A L AE IR P I 2 e 105 A 0 A 1 81 g 444,

S v 2D IR B A 00 ' AR [19]-[21]

1 Diameter = 125.1+2.0 nm
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Figure 4. The DLS (B) data of SNBR/DOX
4. SNBR/DOX BY DLS #32
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Figure 5. (A) The AT of PBS, SNBR/DOX and SNBV/DOX; (B) AT of SNBV/DOX solution with different concentrations
under NIR irradiation (808 nm, 1.0 W/cm?, 5min); (C) AT of SNBV/DOX solution under NIR irradiation of different power

densities; (D) The AT curves of SNBV/DOX during repeated NIR irradiation on-off cycles
[ 5. (A) PBS, SNBR/DOX #1 SNBV/DOX RUFHRHA%ZL; (B) AEIRER) SNBV/DOX EILLIFM (808 nm, 1.0 W/cm?,

5min)BBE TEIHIRRNZE; (C) SNBV/DOX fEARESREIRLISNLIRE THFAEMLZE; (D) SNBV/DOX HIFEIRIEIFLL
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NHAL 3 5 T 91K T 25 SNBR/IDOX fE IEH AAMEE T T 4 /N J5 248 il gk ([ ISk R 2454
SNBV/DOX, HHEAMREFHeHtERE. Kk, FATHIZZ 46808 nm, 1.0 W/em?, 5 min)#f 7t 548
SNBV/DOX [ 7t 1% L, 37 FH PBS Al SNBR/DOX 1 sk 4H . 4[4 5(A) iz, SNBV/DOX FHil 1 23.8°C,
M B 46 SNBR/DOX #1745 (4 PBS ZHAV 23 % HE T 5.6°CAl 3.4°C, 1FH] T SNBV/DOX H () lHE: & 7 B
BRI AR B, BATEW T T ARIKREE R SNBV/DOX FRAE 1.0 W/cm? [ 808 nm £ 4M
RS T B THR A 0 LA S MR [RI3K FE (BV IR 0.5 mg/mL) ) SNBV/DOX VA WAE AN 7] 32 1) 808 nm T 4L 4+
RS R THR TS UL . 4l 5(B)AIE 5(C)Fis, SNBV/DOX [T 155 190 2 B HH A B A4 gt R 0 58 B K
P e, FRATTE I 3R LT A B FHE - FRIRIEIA 250 1UF T SNBV/DOX R I it #ivia e £ €1 5(D).

3.3. B ERBYFHHKZEH SNBR/DOX BIEIM SRR

e, BATIFLT SNBRIDOX HIARAN R AT Jv, BT AR A A I E A i K AR L0 3R
AR EGR 2R, UK R MR BRI BT B 2 1< 6(A). W% 6(B)fFin, EFWESKMET, 1270
I 25 R RS Y, 19.4%, TR EAR A T I EAES, 12 /B RS2 BN 2RIl W3 1
1L F 63.6%. XA A EAEINE T SNBR/DOX [FIffE£H 2, {IESE T H G0 P S ) 1 (1 i) 25 25 B lA T
Ne JuH, FEWEFMT, SEMERIELIMNEFMBEGIER T, 415 12 /N BB E S 25K E
77.6%, IXJ2 BT HHERER 16 RASONE I s B 87 25 A9 O S 350010
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Figure 6. (A) The disassembly mechanism of SNBR/DOX; (B) Cumulative DOX release profiles of SNBR/DOX
6. (A) SNBR/DOX HIfEZHZH1I2; (B) SNBR/DOX HIFIE R HhL
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Figure 7. The cytotoxicity of SNBR/DOX and SNBR/DOX + NIR determined by MTT
[l 7. MTT SAMIZERY SNBR/DOX #1 SNBR/DOX + NIR YRS 14
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3.4. BAEBYFHAKEEY SNBR/IDOX RIS ¢

Ifa, FATIEA Hela 4Hi R FUIHLL KB 4> 191K 1125 SNBR/DOX HIMRE SR . Wkl 7 s,
SNBR/DOX TEE A ITLLAMEHRSS I, X Hela 40 14 KR I H — e #fEA, X2 SNBR/DOX 7E /8
S P S FVE R SEVE R T, RSB AT T 2B B R, S T AT IR . IR 4041(808 nm, 1.0
Wi/cm?, 5 min)iA7 HRESIF, SNBR/DOX X Hela 4 ffd ) 4= K2 30 tH B 5 (1 4 0, X2 T4 J5 1)
PHEEZHGIT LT M AR R RE, RIEMR AN, RILH ERIT R, SEOl T AI7 FEHGT IR FRIIAE TT 3L
R

4, g5ig

PV 2 RIRBIER . SREKAERIAT - SERUERI AU FEAE RIS, il & 1 —FhAHZL R
TYIKTTZ) SNBRIDOX. ZAUKATZHR AL T —Fh B AACRNE H IR A IRV IRE R T 9K &, 85 1
IR RGN A B O bR 40 P9 T AR S8 R S R A 22 SR, i 2R SRR T AL 9T 25900,
KBRS R REVR ST o BEAN, BRZLRFGHARER R )5, L AMDEIRIERTS, Rt Res AR miAge, &
FERRARNE, ROLHIRIT SWIT S, P RSN RCR . ASCRI T M SR T
LRI S SRS, AR TSt 1R B

E&mH
AW FE R B T A S AR TR0 E 465 . MS2023040) 52 HF -

SE K

[1] Zhao, Y., Huang, Z., Zhai, Y., Shi, Y., Du, C., Zhai, J., et al. (2021) Polylysine-Bilirubin Conjugates Maintain Functional
Islets and Promote M2 Macrophage Polarization. Acta Biomaterialia, 122, 172-185.
https://doi.org/10.1016/].actbio.2020.12.047

[2] Shan, L., Fan, W., Wang, W., Tang, W., Yang, Z., Wang, Z., et al. (2019) Organosilica-Based Hollow Mesoporous
Bilirubin Nanoparticles for Antioxidation-Activated Self-Protection and Tumor-Specific Deoxygenation-Driven Syner-
gistic Therapy. ACS Nano, 13, 8903-8916. https://doi.org/10.1021/acsnano.9b02477

[3] Wei, Z.H., Yannan, S., Yuan, Y.Z,, et al. (2021) Hyaluronic Acid Coated Bilirubin Nanoparticles Attenuate Ischemia
Reperfusion-Induced Acute Kidney Injury. Journal of Controlled Release, 334, 275-289.

[4] Stocker, R., Yamamoto, Y., McDonagh, A.F., Glazer, A.N. and Ames, B.N. (1987) Bilirubin Is an Antioxidant of Pos-
sible Physiological Importance. Science, 235, 1043-1046. https://doi.org/10.1126/science.3029864

[5] Oroojalian, F., Charbgoo, F., Hashemi, M., Amani, A., Yazdian-Robati, R., Mokhtarzadeh, A., et al. (2020) Recent
Advances in Nanotechnology-Based Drug Delivery Systems for the Kidney. Journal of Controlled Release, 321, 442-
462. https://doi.org/10.1016/j.jconrel.2020.02.027

[6] Yao, Q. Kou, L., Tu, Y. and Zhu, L. (2018) MMP-Responsive ‘Smart’ Drug Delivery and Tumor Targeting. Trends in
Pharmacological Sciences, 39, 766-781. https://doi.org/10.1016/j.tips.2018.06.003

[71 S5, TH, KREW, & JBEO0w R SRR N KA K g 25k vt (i RE AT [J]. 49K E0R, 2021, 11(3):
184-190.

[8] Ding, Y., Wang, C., Ma, Y., Zhu, L., Lu, B., Wang, Y., et al. (2022) PH/ROS Dual-Responsive Supramolecular Poly-
peptide Prodrug Nanomedicine Based on Host-Guest Recognition for Cancer Therapy. Acta Biomaterialia, 143, 381-
391. https://doi.org/10.1016/j.actbio.2022.03.004

[9] Chen, P., Huang, P., Chen, J., Shi, Q., Zhu, Y., Chen, Y., et al. (2022) A Self-Delivery Chimeric Peptide for High
Efficient Cell Membrane-Targeting Low-Temperature Photothermal/photodynamic Combinational Therapy and Metas-
tasis Suppression of Tumor. Biomaterials, 286, Article 1D: 121593. https://doi.org/10.1016/j.biomaterials.2022.121593

[10] Lee, Y., Kim, H., Kang, S., Lee, J., Park, J. and Jon, S. (2016) Bilirubin Nanoparticles as a Nanomedicine for Anti-
Inflammation Therapy. Angewandte Chemie International Edition, 55, 7460-7463.
https://doi.org/10.1002/anie.201602525

[11] Xie, Y., Zheng, L., Chen, T. and Ding, Y. (2025) Hypoxia-Responsive Bilirubin Supramolecular Nanoprodrugs for Tar-

DOI: 10.12677/jocr.2025.133031 317 HHUL 5


https://doi.org/10.12677/jocr.2025.133031
https://doi.org/10.1016/j.actbio.2020.12.047
https://doi.org/10.1021/acsnano.9b02477
https://doi.org/10.1126/science.3029864
https://doi.org/10.1016/j.jconrel.2020.02.027
https://doi.org/10.1016/j.tips.2018.06.003
https://doi.org/10.1016/j.actbio.2022.03.004
https://doi.org/10.1016/j.biomaterials.2022.121593
https://doi.org/10.1002/anie.201602525

FETRM 55

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

geted Photothermal-Chemotherapy. Chemical Communications, 61, 3512-3515. https://doi.org/10.1039/d4cc06433j

Yao, Q., Lan, Q., Jiang, X., Du, C., Zhai, Y., Shen, X., et al. (2020) Bioinspired Biliverdin/Silk Fibroin Hydrogel for
Antiglioma Photothermal Therapy and Wound Healing. Theranostics, 10, 11719-11736.
https://doi.org/10.7150/thno.47682

Xing, R., Zou, Q., Yuan, C., Zhao, L., Chang, R. and Yan, X. (2019) Self-Assembling Endogenous Biliverdin as a
Versatile Near-Infrared Photothermal Nanoagent for Cancer Theranostics. Advanced Materials, 31, Article ID: 1900822.
https://doi.org/10.1002/adma.201900822

Xie, H.,, Yang, M., He, X., Zhan, Z., Jiang, H., Ma, Y., et al. (2023) Polydopamine-Modified 2D Iron (II) Immobilized
Mnpss Nanosheets for Multimodal Imaging-guided Cancer Synergistic Photothermal-Chemodynamic Therapy. Ad-
vanced Science, 11, Article ID: 2306494, https://doi.org/10.1002/advs.202306494

Wang, M., Zhang, Z., Li, Q., Liu, R., Li, J. and Wang, X. (2024) Multifunctional Nanoplatform with Near-Infrared
Triggered Nitric-Oxide Release for Enhanced Tumor Ferroptosis. Journal of Nanobiotechnology, 22, Article No. 656.
https://doi.org/10.1186/s12951-024-02942-2

Zhu, X., Zhang, S., Cao, Y., Ge, X., Huang, Y., Mao, F., et al. (2023) Black Phosphorus Nanosheets-Based Tumor
Microenvironment Responsive Multifunctional Nanosystem for Highly Efficient Photo-/Sono-Synergistic Therapy of
Non-Hodgkin Lymphoma. Chinese Chemical Letters, 34, Article ID: 108234.
https://doi.org/10.1016/j.cclet.2023.108234

Zhang, J., Zhang, K., Hao, Y., Yang, H., Wang, J., Zhang, Y., et al. (2023) Polydopamine Nanomotors Loaded Indocy-
anine Green and Ferric lon for Photothermal and Photodynamic Synergistic Therapy of Tumor. Journal of Colloid and
Interface Science, 633, 679-690. https://doi.org/10.1016/]j.jcis.2022.11.099

Wang, X., Li, Z., Ding, Y., Wang, K., Xing, Z., Sun, X., et al. (2020) Enhanced Photothermal-Photodynamic Therapy
for Glioma Based on Near-Infrared Dye Functionalized FesOs Superparticles. Chemical Engineering Journal, 381, Ar-
ticle ID: 122693. https://doi.org/10.1016/j.cej.2019.122693

Liu, S., Ren, Z,, Yan, M., Ye, W. and Hu, Y. (2025) Strategies to Enhance the Penetration of Nanomedicine in Solid
Tumors. Biomaterials, 321, Article ID: 123315. https://doi.org/10.1016/j.biomaterials.2025.123315

Ling, T., Huang, X., Xie, Y., Zheng, L., Ding, Y., Du, C., et al. (2025) A Dendritic Drug-Drug Conjugate Self-Assembled
Hypoxia-Responsive Supramolecular Nanoparticle for Combination Therapy. Journal of Materials Chemistry B, 13,
1961-1968. https://doi.org/10.1039/d4th02400a

Zhu, J., Zhang, Y., Li, Z., Bao, X., Zhou, Y., Ma, B., et al. (2023) Tumor-Microenvironment-Responsive Poly-Prodrug
Encapsulated Semiconducting Polymer Nanosystem for Phototherapy-Boosted Chemotherapy. Materials Horizons, 10,
3014-3023. https://doi.org/10.1039/d3mh00242j

DOI: 10.12677/jocr.2025.133031 318 HHUL 5


https://doi.org/10.12677/jocr.2025.133031
https://doi.org/10.1039/d4cc06433j
https://doi.org/10.7150/thno.47682
https://doi.org/10.1002/adma.201900822
https://doi.org/10.1002/advs.202306494
https://doi.org/10.1186/s12951-024-02942-2
https://doi.org/10.1016/j.cclet.2023.108234
https://doi.org/10.1016/j.jcis.2022.11.099
https://doi.org/10.1016/j.cej.2019.122693
https://doi.org/10.1016/j.biomaterials.2025.123315
https://doi.org/10.1039/d4tb02400a
https://doi.org/10.1039/d3mh00242j

	胆红素超分子纳米药物的构建及其性能研究
	摘  要
	关键词
	Construction and Property Research of Bilirubin Supramolecular Nanomedicine
	Abstract
	Keywords
	1. 引言
	2. 实验
	2.1. 试验原料与仪器
	2.2. 胆红素超分子纳米药物的制备及表征
	2.2.1. PBR的合成
	2.2.2. 胆红素超分子纳米药物SNBR/DOX的制备

	2.3. 胆红素超分子纳米药物SNBR/DOX的性能研究
	2.3.1. 胆红素超分子纳米药物SNBR/DOX的药物释放
	2.3.2. 胆红素超分子纳米药物SNBR/DOX的细胞毒性


	3. 结果与讨论
	3.1. 设计原理
	胆红素超分子纳米前药SNBR/DOX的制备与表征

	3.2. 胆红素超分子纳米药物SNBR/DOX的光热性能研究
	3.3. 胆红素超分子纳米药物SNBR/DOX的体外药物释放研究
	3.4. 胆红素超分子纳米药物SNBR/DOX的细胞毒性

	4. 结论
	基金项目
	参考文献

