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Abstract: Inflammatory bowel disease (IBD) is a chronic and relapsing disorder characterised by gut dysbiosis
and redox imbalance. This study developed a novel oral micro-nano delivery system (CBs@BAN) based on
Clostridium butyricum spores (CBs) and bilirubin-alginate nanoparticles (BAN). Amino-modified bilirubin (BR) was
first covalently conjugated with sodium alginate (Alg) to prepare amphiphilic block BR-Alg, which subsequently
self-assembled into BAN nanoparticles with a particle size of 163.52 £ 2.71 nm and a zeta potential of —43.2 +
1.6 mV. These nanoparticles were efficiently loaded onto the surface of CBs via calcium ion cross-linking. In vitro

experiments demonstrated that BAN exhibits potent reactive oxygen species (ROS) scavenging capacity, while
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CBs@BAN maintained spore germination activity. Following review and approval by the Animal Ethics Committee

of Zhengzhou University (approval number: yxy11sc20250099), a murine colitis model was induced using 3%

dextran sulfate sodium (DSS). Compared with other experimental groups, CBs@BAN demonstrated superior

therapeutic efficacy, including accelerated body weight recovery, reduced disease activity index (DAI) scores,

ameliorated histopathological damage in colon tissue, effective clearance of colonic ROS, suppression of

inflammatory cytokine expression, and improved gut microbiota imbalance. By restoring redox homeostasis and

modulating gut microbiota, this delivery system provides a novel and efficient solution for IBD treatment with

promising application potential.

Key words: inflammatory bowel disease; Clostridium butyricum spores; bilirubin; sodium alginate; reactive
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nanoparticles, BAN). BAN [ 4} K 25 #4) 7] & A& 4 71
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A% (brain heart infusion broth, BHI) & {4 £% 77 3&
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MR RSB 2 B SCR™ oy AT 18 1 .
FREL 750 umol BR 1 520 pumol N-¥5 3 58 ¥ ¥ 30 i (V-
hydroxysuccinimide, NHS), # T 7.5 mL % 0.2 uL = H
Jléz ) — 1 L SE K (DMSO) 3 W . I 337.5 pmol
1- 5 -3-(3- Z H B S BE P 2k ik — 0% (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, EDC), % i & M
10 min J&, A 562.5 umol 2 %, /RS ARY i

1) EDC, NHS
B 2) Ethylene diamine

Bilirubin (BR)
cooga 1) EDC, NHS
/fo OH OO g 2) DMSO
COONa b
Sodium alginate (Alg)

SN 4 ho JBSE RS, M 50 mL &7, KK F 50 mL
0.1 mol-L" HCI. 0.1 mol-L" NaHCO, 1 &l /K %% ¥t
MR TRBEZARERAV G, MA 45 mL F#E,
3000 xg B50> 10 min, W FIG R, 28 9% e i 25 k3K
#3 BR-NH, .

RN R ¥ AlgH 0.01 mol L' 2R
FEHT 12 h 5, W RT IR BRI IR RR B . HERRFRIX
80 wmol R 14 ¥ 5 B2 &Y A1 40 umol NHS, ¥ T 4.8 mL
DMSO 1, T 140 umol EDC, = iif #4 /1 #it £ 10 min.
B J& 0\ 20 wmol BR-NH,, 7E & S AR 9" F = iR it
SN2 ho M58 R, KR S W 2218 5]\ 30 mL
0.01 mol- L™ E LA M 1, #£ 0.01 mol L™ &L A AL 4
WP IENT S h, B )G LAUK=-2 0 (101, viv) IR & WEENT
3R (BRI 24 h), 5t T B AEKIENT 3 K (BFK 48 h).
FENTEE WG, B BT AR A R T g, BRI 1S 2] BR-Alg.
BR-Alg 3L EW) 15 AL W#s 42 1 BT 7R

BR-Alg (% RERAE A5 B AR BUE & 11 )5k} . BR-
Alg, FI| FH A% 1 4 HR I8 1% A 4 6 R B 'H NMR & 1%, 38
i o M SR F A AL RRE, X BRLAlg & HILERY)

BR-Alg F4b 22 85 ¥ 45 B R AT BIE o
BR-Alg /KEMEH % K 1 mg BR 8055 B /R & 1)

BR-Alg 7T | mLEB4i/KH, 7£37 °C R R84+ 12 h,
o O A B S AR 4 FEC S S KA . @l
455 nm P K AL IR BE B, FEARHE BR 1 ik Wi
U EIE W B B A T — 2P 1H 5 BR A BR-
Alg TE 7K B AE K R P

BAN {9l & R FRAE

BAN (1l & el B =K E N 1 mg-mL" (1) BR-

HO._O
o
O on o o OH O
o
a COONa b

BR-Alg

Scheme 1 The synthetic route of bilirubin-sodium alginate (BR-Alg). EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS: N-

Hydroxysuccinimide
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Alg IK T, FEVKIKIBFREL T, A8 R 3k =Xk 75 A A A
(FhZE140 W, TAE2 s, [A16 3 s) 7458 A 4L 2E 10 min.
B AP RS IR IEA 0.45 pum FlFLE B U8, B
JE T, B %15 2 BAN 49K HL .

FIAE AL RAE R g RRI R 2 A 5 4L, R H
B VE B (dynamic light scattering, DLS) 7 5 43 ]
SE G KRL IR RLAR AT LA

TEARFEEE FAUKRI R 2 1E 5k E S, HU10 pL
YL 0 AE B A R R I 1 200 H 87 _E B ORI TR
)51 78 55 Wk, BB 10 min 5, W ER R WA . K
[ E SN~ N N W i ¥ ) = O 1 3£ i = AT
% (transmission electron microscope, TEM) %} BAN ]
TE S AT RAL o

UV-vis Gl RAE 48 A -1 WA Ot FE ot 18
300~600 nm P+ ¥ [ A XS A 25 AT 99 4, ZRE UV-
vis B3, PhUk HE— 25561 BAN B JE B, I AR 45 BR b
#HEM 2k, i1 BR & &

TSR EIERREE I B S Sr A L) — € W EE ) BR
BR-Alg M1 BAN ¥, i\ & H,0,, iR - H,0,%
W FE AN 1 mmol-L”, 7 LA PBS ¥ RAE N AXT IR . BE
Ja , B TR N 50 pmol- L 3% 1 4R 4t 27,7 -
TE AR LIRS (2',7-dichlorodihydrofluo-
rescein diacetate, DCFH-DA), /£ 37 °C N ¥ & 1 h. FIf
FaASC W ) &% 2H A AL A i 27, 7- &P 2= (2',7'-dichlo-
rofluorescein, DCF) )% Y615 5 (BRI K 490 nm, K
P 520 nm).

CBs@BAN Al & & F=AE

CBs@BAN [ fil] % H{ 1x10” CFU CBs # & T
900 pL 7 13.9 mmol- L™ G0 R % R #5 22 W (phos-
phate buffered saline, PBS) #, i i€ #% % 5 min. Bl )5
BN 100 pL J5 B3 E 4 10 mg-mL™ ) BAN VAT, 4k 48
PR 5 min. 5 /5 H pH = 3 1] PBS Z2 P % 3 ¥k, P
4 CBs@BAN.

CBs@BAN IR ATEA#%E @it DLSIE CBs
A CBs@BAN [ RL4%; {fi Fl TEM X} CBs 1 CBs@BAN
TR HEAT WS

TR R HUZE B CBs Al CBs@BAN & ik,
K A A A 32 600 nm 3% K Ak 196 % FE (OD,,,) 18,
IF i AR SRR ODE R £ — 3. BEE¥
B T E AR E R R e, BT 37 °CIREA
B s 97 36 he K5 R WA RERE 2 h ORI SE ODy,
fH, f¢ 2 LG TR0 [8] R AL AR L OD g (E N D\ A b 25 1l
A Al e, o AT AR S AR K R

CBs@BAN RN 2 PRSI A 1 i 0 A 400 B VR
(simulated gastric fluid, SGF) FllJH ;% CBs@BAN A

GRS, B4 B CBs M1 CBs@BAN &, 73 7 /£ SGF
(pH 1.2, & 100 mL 2 & 7 /K % 32 mg B & (1 §)
0.4% RHELIEW I H 2 ho I PBS ¥R 5, 5 35 Fib
FE R IR R, BT 37 °CC IR IR A T S 9% 36 he
G AN [0 B 1) 25 £ OD 18, 22 il 2E R A A T 28

RN ERAT AR &1 & R IR
J&, ¥ CSTBL/6T HEVE /N RAL AR EFEHL 73~ S 4 (n = 6):
1E % %R 21 (normal) #5784 41 (DSS) 94K KL 4l (BAN,
40 mg-kg") T HRHZ W 2E 41 (CBs, £ H 1x10° CFU).
#1771 4 (CBs@BAN, % R 1x10° CFU). F& normal #H
Gh, AR & HIBI% T 3% DSS ELES 7 KRE 45 W
R, B, AAHUBEB M RESLAE A TR,
DSS 2H 7% 4L B 25 R A AE B R K 7 K, normal 20 A {E
AEATAb 2

HYFETN AN BOEBHT— R HF 4G, & H
I /N RARE AL FE MR AT B BEJS, 5
TR AR T 43 bl | 35 A R R i R R 3 AN bRt
P 993 35 21 78 B (disease activity index, DAI), F £ il
DALV 75 12k

RAOTRIBZE D B 245G, S B VL A0SR
INER, FRI B S R 4R, 2 (515 i B b 5 R
Z MK, JFE T 4% % 5 W g [ 2 i [# 2 24 he
V18 72 I 1R 2H 23080 B 20T K S i L, O ER )
FoHLT R o U0 & i KAk 5, P 25 AOKS Fl AR 4T
(hematoxylin-eosin, H&E) e @, Hh MM IR E Ao Getl
52 5 15 07 B 0 R G R B R, R A 4
AR

AN R ROS K FiFME MU/ B 45 I 21 4
UKV F, 0 E R KA S min, FK 5
10 min Ji7, M 5 pmol & ZWE A, 37 °C ikt i
A 30 min. B 45K )5, FH PBS e, I 1 ugrmL"
4", 6- K 5L -2- % B 5| Bk (47, 6-diamidino-2-phenylin-
dole, DAPI) %4% 10 min, FE X ¥E 5, 0N $T9% 6
KR, Ad O BB I 5 R KR .

MpETFEEMNE D RRERM, kg T
4°CHE 2 h, 3000 xg B.Lr 10 min, WAEIMTE . K5
0 5 (37 98 PR B IR F--a (tumor necrosis factor-
a, TNF-a)) /)N i F1 40 2 /> % -1 (interleukin-18, IL-15)-
/N BRI 4 i A 2% -6 (interleukin-6, TL-6) A1/ L 11 40 ffl
41 %-10 (interleukin-10, IL-10).

BAEBE BN (EGT 45 G, FK R 1.5 mL
O A WCER /N BT 20, WSO S5 S R A TR, IR
71 -80 °C#% . ZIE HigFEFHEEWMELRBARL
FO BT /S RS FE AT S 16S tDNA s =7

WIE DM K GraphPad Prism 8.3 K 1F il it
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One-Way ANOVA AT G it 50 . SBaEdis LA3S % +
FRUEZE (x £5) Tno P<0.05KREF LA G ¥
S, ns BARLG = Lo

R
1 BR-Alg 9R1E

iE i '"H NMR X} BR-Alg #F 17 1k 22 45 7 R AE (K
1A), 5 Alg Lk, BR-Alg f) 3l £ 2.5~3.5F10.5~1.5
2 8] H B HT UG, %06 2 BR AR IE, B B BR
RN R F Alg 7y 18 L.

BR fEK PRI R, B0 F RETUR T &K,
1M BR-Alg 75 7K ¥ % 7 TG B3 2 00 vE T2 1 (1 1B), IIE 5K
BRI B 38 T ok M . 3 AR I 2 )
BR VK& & UIF SE BR-Alg 7E 7K I A 19 AH X %5 3 B2 L BR
B 2015 K A4 (F10).

2 BANHIRIE

DLS £ J i 7~, BAN [ R 124 163.52 + 2.71 nm
(B 2A), zeta HLA7 A-43.2 + 1.6 mV (K 2B). £/rHidg
0 (polymer dispersity index, PDI) & 0.139 + 0.006.
TEM E& (K 2C) &7n BAN RN ERTE, KRG, 7
i35 5], Hokift 5 DLS M 5E 45 S AT, 2 8 BT il 25 1
BAN ¥if£3)—. WK 2D fi7x, BR 5 BAN#1E 455 nm
Ab A5 B R AU, AIE SI2 BAN H BR [ FE7E o B il 43
BAN & 1 (1) W't FE {8 45 4 BR AR v #h 2% (& 2E), it
A3 H 1 mg BAN H#4 27.91 pg BR. #— ¥4
BAN 1A 4k ROS 7&K it /7. 3% T DCFH-DA 1] 5% 5'¢ iill
TE 45 B R (B 2F), BR-Alg Al BAN £ 8L 5 25 1
ROSIEFRIE 1

3 CBs@BAN HIRIE

73 B % CBs Al CBs@BAN #47 TEM JE 55 £ 1L (K]
3A), CBs@BAN & B 1 ZF fl T ARAIE, 18] 42 1
J, s 2 %, B4 AL — R ERTE 40KRL, I 52
BAN & Ih 01 3 E ZE flu K 1i . DLS 45 B 2R, CBs [
241 909.34 + 104.85 nm, PDI 4 0.163 + 0.009. 1%
BAN J&, CBs@BAN (1) F7 4% B 2 39 1, O 2 545.67 +
122.14 nm, PDI 4 0.177 + 0.005 (< 3B). 4K Hh£k %
B, BAN 2 1fi &b 36t CBs HI 8 K& BE 11 % g 8228 K s 1
Y76 B2 S, CBs@BAN 14 B8 AR £5 1E 7 0 &3 v (K
3C). #t—H CBs@BAN 43 I 7E SGF (& 3D) FlfHE:
I (B3E) A 2 h o, 45 R EoR, SEIR A 5 0 IR 4
I & M T gi vt 5 2 S, Ui B SR T BAN 21 A 2 45
S CBs HRAH B 7R 1 PGB S IH 3R 42 1 1
4 HIFI3 DSSIFEFIBD MRHVERIER

DSS %5 4 K J5, % normal ZH 4, H 4 %40/ 15
HH B TR 45 i JORE IR, 3R IR 1o 2 BE L SR B
i R A I, I FE A FF SR E RN B (K14A). 4 BAN,
CBs fl CBs@BAN & JT o, & 45 25 4L/ AR B T 15
WS E I B 203 . 5 normal 414 b, DSS 41 DAI ¥
o3 2 T m (P < 0.01), 14 BAN.CBs fl CBs@BAN
BIT G, S 2 DALV 73 35 B3 R (P < 0.01). 45
W 25 543 A1 7R, DSS 21/ B 45 i 1 P e 1E i 0 TR
M Z A5 (P <0.001), JEREAT 45 20 23U Ik 22 45340
(Kl4C.D). ZWiaIT e, SR A K E A A
TR Hid, CBs@BAN 4145 i K FE ¥k 5 i N &
%, 5SBANAMCBs AL Z R HE G ¥R L (P<
0.01), HEZIw 1E 5 5% HZH KT

i 18 455 40 11 56 1 2 FL A e 1 AR B Th R 11 EE 2

A

N
o
H
= H
H 0 HOO
0, 0,
oon o GH O m<£:§> H O
0 0
00Na ooNa Jb

BR-Alg

Alg BR
in water in water

e

BR-Alg
in water

>

Relative solubility
S
1

()
=]
1

70 65 60 55 50 45 40 35 30 25 20
fl / ppm

BR BR-Alg

Figure 1 Characterization of BR-Alg. A: "H NMR spectra of BR-Alg, Alg, and BR; B: Solubility or dispersibility of Alg, BR, or BR-Alg,
in water; C: Relative solubility of BR and BR-Alg in the supernatant. n =3, x 5. P < 0.001. BR: Bilirubin; Alg: Sodium alginate
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Figure 2 Characterization of bilirubin-alginate nanoparticles (BAN). A: Size distribution of BAN; B: The zeta potential of BAN; C: Trans-

mission electron microscope (TEM) image of BAN. Scale bar = 1 pm; D: UV-vis absorption spectra of BR and BAN; E: Standard curve of

BR; F: Fluorescence signals of 2',7'-dichlorofluorescein (DCF) oxidized from 2’,7'-dichlorodihydrofluorescein diacetate (DCFH-DA) by

wdkk

H,0, in the presence of BR, BR-Alg, or BAN. n =3, x+s. P<0.001,""P<0.000 1
A CBs CBs@BAN B 3000
2500
g
£
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1000 T T
CBs CBs@BAN
€ 4o D o3 E 1o
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Figure 3  Characterization of CBs@BAN. A: TEM images of CBs and CBs@BAN. Scale bar = 1 um; B: Size distribution of CBs and
CBs@BAN; C: Growth curves of CBs and CBs@BAN cultured in brain heart infusion broth (BHI) medium; D, E: Growth curves of CBs and

CBs@BAN cultured in BHI medium after incubation in simulated gastric fluid (SGF) (D) and simulated bile (E) for 2 h. CBs: Clostridium

butyricum spores. n =3, x + 5. ns: No significant difference
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Figure 4 BAN, CBs and CBs@BAN ameliorate DSS-induced experimental colitis. A: Body weight change in various groups; B: Disease

activity index (DAI) in various groups; C: Colon images; D: Colon length quantization; E: Histological sections of colonic tissue stained

with hematoxylin-eosin. Scale bar =200 pm. n=5,x+s. "P<0.01,
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Figure 5 BAN, CBs and CBs@BAN alleviate colitis through antioxidant and anti-inflammatory effects. A: Immunofluorescence detection

images of reactive oxygen species levels in colonic tissue. Scale bar = 100 um; B: Semi quantitative analysis (n = 3); C—F: The level of

IL-1f, IL-6, TNF-a and IL-10 in serum. n =5, x +5. P < 0.001,
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