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Application of nanomedicine strategies in oral mucosal tumor
vaccines: From barrier engineering to immune activation

ZHANG Yun-xin, ZHI Hui, SUN Yu-jiao’, LI Ying-peng”

(School of Chinese Materia Medica, Tianjin University of Traditional Chinese Medicine, Tianjin 301617, China)

Abstract: The gastrointestinal tract harbors the largest mucosal immune system, and tumor vaccines can
leverage this advantage through oral administration to achieve enhanced immune responses. However, vaccines
administered orally may encounter multiple physiological barriers that hinder their full efficacy. Nanocarriers can
overcome these barriers. This paper discusses the physiological barriers currently faced by oral vaccines and the
efforts made by nanotechnology to overcome these barriers. It also reviews the latest research progress and clinical
translation status of nanoparticle-based delivery systems for oral tumor vaccines, aiming to provide research

insights for the development of oral nanovaccines for the treatment of tumor-related diseases.
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Oral tumor vaccine delivery systems and immunological targets for tumor therapy (created with BioRender. com). NPs:
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Figure 2 Intestinal immune system and nanovaccine anti-tumor mechanisms. A: Antigens are transported to DCs via the M cell pathway

and taken up by DCs; B: Antigen-bearing DCs migrate to mesenteric lymph nodes (MLNSs) to activate B cells and T cells; C: Naive T cells

differentiate into cytotoxic T cells (CTLs) to kill tumors; D: Activated B cells differentiate into plasma cells that secrete IgA and release it
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into the bloodstream (created with BioRender.com). DCs: Dendritic cells



- 1156 - 222224 Acta Pharmaceutica Sinica 2026, 61(4): 1153-1165

WRtE . Hx B, BN B R AR FM
IR NSO WS /N ¥ A -4 S Wi 3 5 RN
JE R BN - AR B v R AR Bl R IR AN R L R
it S5 B (R4 BB B 7 20 20% B B8 N B 5 ik 4L,
IR G G 7 5 5558 2 TH AU R IR L 55 AR 4 12,
SR E IR K. B BIEREERN ) I B
B IR B AR I BT )N 7, R AT RE S Ik AT
fif BRI Ve AR IS e TR RS R bR R, B
i 38 2= PR 66 B I A F s S g K 6 A, Bl
i R BB 7K A P AR SRR, FELAS 22 1 1) b Rz 38 %, T
B R A R o) 4 L S5 A A WA, I A ik A5 S THT
1 0 3 P A0 P EL AV % L PN il I it IR, 3 — 22 PR A2
BRI Ak, A AR ) L R E i R
2y WA B 0 B AR Rl R A S5 TT =X, X
TR IR ORI SS9 e e AR AN R R e
2 YREZ NI OBRZ &Pk Y SR ES

IR E W TE B AR ) T s i E o S A
ORI, SEREAS T IR W IO HLAR e B BB . iR
RIX— R, GHK = 7 50 1 T vk U R M, e
IR X 8 356 3% B A S v R Bl e LA SR A T R TS
% (E3). T 30K 2 G B R G oK 5 R R0 I 26k AR
BARTNE
2.1 NBRERMERE XL B i T 5 bk R
R T R, R R P i R AE A R A 5 TR R BOR SRR T
5 1 7E H i (gastrointestinal tract, GIT) 7 [ fa o2 1k,
B an ] N pH BUR BB RL R 3 BB B, N IR EL VTN
IR VIR . X RIE G & A R R 55 pH U
[, RIAE P S BE SR T R AR S A A S, FE A )
928 VB IK A 0, e A HLAE 1S AR IR PR . Liu R
FH 56 1R 38 0.4 DNA 72 1, H {15 DNA 7% i 7] DL7E
pH 1.5 214 F % 52 [ A, 1 Hik v] DLAR 22 7F Peyer 3
(Peyer patches, PPs) 1 3§15 CTL /i 5 [ f 928 )= B 3
. Eudragit L1002 — M E TR AW, ) ZHTE

Ji7y i 36 3% R 4, £ Budragit L100 344 (1) H &% 55 51k
FERBEY K TR (Eud L100-MCS NPs), 75 5 iz i i
PR I BURR [ e 0 AN Bl AR, O HL AR
137 4 25 71 1) Eud L100-MCS NPs 1] 5] k2 56 21 (1) 5 5
IgA J B Sz 4= S P TgG PR R, B Ah, BE L I ] 4
B, a4 JE A HUHESE (metal-organic frameworks, MOF)
N TR v R A7 WE TR W, AI-MOF A Ji 1 )
BT 5 KE SR A BLAE AR R B R T RO L Z,
MRS IS B A PUJR (ovalbumin, OVA) %52 B VH AL
TR B A )

22 FRBIBEREE  FUE M RETERR, R
WA PUAR AR A T s MR AR, Hh R
VE A% 0 R G5 1 o), BB TR TE BRI b R 1R
REALLHEES AL s R R B, il
B rUA LR 2 WSO IE f e R . AU, AR G
Y AR £ B BBUKEEBL, Bk, 2Rk M 3R &1 vl i
G b R T T S B A R s B R
li¥ (polyethylene glycol, PEG) [ B A R 4F i 55 7K P 4
Iz AERBUE TR 5 &, e v v] i i 7 2% 7K KL
BB PEG RT2EY), LB BRI S5 B R AL . 4
% 3% Ik (cell-penetrating peptide, CPP) 5 PEG A7 ¥
(PEG-Suc) 454 Jia, BE A SL I PR 2735 7, X e it
PR A RPN e sbh, Fopth Al &7t AT (g 2 26
BIE, W 5% VA A ) Pluronic B4 IR RURL AT 75 B R
J2 v IR AR, A, H S K B TT R R 7K B T R AR T
K FE 2 R 0SB T, K A 5 5k K 2R A1 T
A1 AN I K e BRI, 75 0 4 B i 5 266 2 1 A i 7K R
R,

2.3 FARRFMIRER FEFM RS KGMIE
JW & R A B I TRD, DT TS 280 I R ) 245 470 ) e B
b, HAT &2 7 on B s v e AR AT B/ K A
B RE ISR I (0 SR 5 D R 008 S 1R 007 1) 66 MBS 286 i
PER, Qi et 4 3 AT A2 325 B 0T 12 3B TR #h A e SRk

Prevent degradation Mucus penetration Mucosal adhesion Targeted strategy Avoid intestinal tolerance
Sturdy materials pH-sensiti rials N?ﬁcgsmﬁr} mat/enals ) Material properties Ajgz‘a%rgeting M{gil }ix‘rgeting /éfl‘ﬁg\f’ﬂ /lffllfgfﬂ
rophilicit; i =0 —— —6— 20, &,
66\ hyd¥ophgbicityybalanw | | l)m\(“\\ -t !J f»;ﬁf@,; (Jx;fr 3’-°, )
<c°°. | | - BV H--—--—-H Hydrogen bond: 2 KL\;\'E /4 ‘4\(%1: »
lo | = = 2 i LA-4
Qg’ _é 0 -:,E) Poljue 3 Eﬂ y Adjuvant [ ] gnubody
................................ s 2
B 2 5 sg . 2
& g £ g2 2 4
Antigen 8 g 2 <8 k= 2
s 2 2 H e < e
> g < Wty % E
5 < - ts)
. v a R slelof ZE
|- Yl ) 0 25¢,
.Dgxdl‘ \ &7 b CTLA-4_/ 4‘ A
f... a® & . j—(
Enzyme = ;\%‘\_; ) @) \\¥
Hydrophobic segment of mucin Lymph el Dendritic cells T cells

Figure 3 Oral delivery barriers for vaccines and material design strategy (created with BioRender.com)
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LOMYET —FHRRNE R-g- B B SRRKE
- B I R 60 1) B 7 i A, DA £ 8k O VA Fl
FI R -F B (B OPGMN). OPGMN £ [ il
J&, AT B R R L4, 15 Tk B4 R ) DC R A Y
hn, 175 5 Th B4R Th2 B4 48 B T 40 i 0 % N2, AT
0 LR ) A AR 2 2 (IL-2) A3 % -y (IFN-y)
P S 55 B w1 el S TR v i U =
T 21 i T 4R 2% 4 400 B 1) 00 R s/ 3 4 1 T 41 g
(Tregs) 1RSI G B80E, MNIMT 58 2= H1H] B16F10
AR
33 HERBERNERE faaEid g FEILA
T G 4 2 T P O 92 T AR R TE VR AT ORI B R X 2 R 1
568 AR5 R 9% I INE, T 1 R R o2 v R R P i ) R (1 3
B 2 THT S I G 28 0, I B4 KB R AT DL B 3 A 9%
T 5 R 5 K G SO o S WA — b R S KRR
PRI 4 Z R, T2 Fia9T B miE s . ot
TR, BT WA 9Kk B A NP i R s
EHARTTE 1 T H RN M RE Y, 5 A Rt
% B MBS AL, I IEE 53 & A A EER
T T/ANBEE . A, EWAREENGEEEN
AT AZ 4 BH BT, 3X A8 I R 65 1 D 20 B R i AT
I8 I B AR e OB B A R 4 T RN Z ST Yang
GO R T —FETEE FBRENAYK A (Mn-
MMT@OVA) 1) R MR T - 5 A s b i
TR HB NG R, DIR)G, 1 RE s fa e fikik
/N, 38 BT R, o AR 7R B 1 SR T
L, PASEEL OVA $U )5 5 4l B 1 I RR SR BRI, B0 e 7 1T
B DC M I cGAS-STING il %, 530 DC J 244 5 Jf:
TR Bk, KR PR 264 Tk E 4, AT
ZRH IO 4 By AN TR G P S N, e 2 SE BN 45 EL
BRSSP B o DU R 1 T A O B 25 T o i 1%
B HE W 51 R T K 1) 0 S G 25 i N, TgG 7K F- (1) [ B
mfE— 0B T RS R S B O, X 3R I T MY
RE % i3 Bl Jey 5B PR 4, 28 T JE — 20 16 o 4 B P 1) 4 92
TR

WU AT B AT LA 3 R R R G AN A B
P28 S N, T TE TOSH % G« R A oA I R ek J RECRE R

J7 TH R AEAE ™, Nakagawa &7V & 7 — B i X
1R 41 A1 1 R B B T 6, AN URT LG B TR 1
bR L SN B PPs T DC SO, i 5 T
CD4' I CD8" T 4l M 58 24 ()98 NI, o 3 & 1 P
R E o
34 MEGRREZE MR (TME) & K M JE 4
J0 < G 3 00 1) 4 L K% B % 0 1) A G 20 B DR 1) 3 [
YRR, T R 2 M HDIR A, 9K Ok 5 15 2 T 181 &
Z DyRe v, ny H 5 G% f) ME TME e & o oo %
TRIT R iR AH D¢ B W 4 L (tumor-associated
macrophages, TAM) i & 23 46 & ik y M2 £ Y Bk
S f, T M2 15 W A 1 7 2R I 2 0 e R e g
JTE= AP T, R 9K 245975 3 TAM [ B F 2
28 PR I 1 0 ML B [ A B R Ak, T A AR
TME H A M HDIR ST Xu 25994 T H &4 1
B HE RS 1 ) = PR 5% SR 90 K UKL, W A T+ SIRPa
siRNA (siSIRPa) f1 MUC1 pDNA (pMUC1) 3L 3% .
siSIRPa J& — i 5 I 20 R ASE 25 ACH ) 57, AN G 58 1
pMUC & 1175 5 1 4= B 40 i 492, 1 HL vl LA 33 TAM
) M1 R B AL, W5 T S #H] TME, il 7 =
F 1 L e 1) A KRG F5

FEFP IR B AE TS 324K 1 (PD-1) 8R40 i 35 P Tk 2
YH L AH 9% B 11 4 (CTLA-4) HUiR 25 2 Bl G B A6 75 5 30
70, NG PR _Eia 7 o O Bon A N E 45 R,
BT AFAE S N A1 S B T 24 AR S MR B P S5 2 )
R, SOLST BR e R 2 i R O O T e R AR A
7% 5 CD8" T4 /= A= 7 b T4 y (IFN-p), LA 58 5
925 A6 A A5 30 1) 4T PD-1 P44 FI BT CTLA-4 FL 44 (1) Bt
g i PR . Za SEUI I R T — ol 47 R R Ce6 AN
G5 i I R83T HIRL 5 4K 25, @ik 75 50 71 7 V20
ST E M. 4 RRY, ZYUKR G AT LU S
I8 291 FfL P 4 8 SR PE 4 i AE T (immunogenic cell death,
ICD). B W4 i M1 BBl Ab A2 28 40 i IR 7 TNF-a [ 5
W, BTG A S K A A BELIT 57 PD-L1 $t4K (aPD-L1)
RAETR KN R GV PUIRE G o

a8 A B AT DA oA i 3 e AR P B O R T G S N
TE 45 B 7 P A RAF RN B AT =T Xu 0
T 257 (CpG) AHR 5 (carbon dot, CD) 3t 61 2% /)
FE WG B g K ks, 355 FLER I (Lactobacillus reuteri,
LR) 185 (LR-S-CD/CpG@LNPs), iZ 4N K254 Sz 8 1
RS E R 16 S VR T R E P AR A R
LR-S-CD/CpG@LNPs £ [ it J5 7] 75 &5 B i [X 3k & 4,
S LU ARG IS, IR A A O A e 5 D 1 4 M BB T
(ICD), ¥ 1F b R Ji% M 988 AH 2C $t B (tumor-associated
antigen, TAA), TAAs 1 CpG 1 % J5 47 3% 1, 1233 DCs
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)52 R MR A, [N, LR HE Ak — il 1 i 70 R e 758 S
RIACH Y I3A )77 A2, 3 — 1 58 1 HU R S ROR,
A R T I 45 B PR A A T R A

Wi, BT BRI L) R G R AR R
E*ﬁ%g,ﬁzﬁq E"J*}L%U, }]—IL‘%% 1[24-26,39,44,53,54,57,61,63,65468,70,75,77-80]’
B AL RGNS B B TT R SR BRI AR T

Table 1
Cytotoxic T cells; BSA: Bovine serum albumin; PLA: Polylactic acid; PLGA: Poly (lactic-co-glycolic acid); LN: Lymph nodes; OVA: Ovalbumin;

Summary of the oral vaccine delivery system: Types, characteristics and mechanisms of immunity. PPs: Peyer patches; CTLs:

PEG: Polyethylene glycol; ICD: Immunogenic cell death; GIT: Gastrointestinal tract; TME: Tumor microenvironment; ROS: Reactive
oxygen species; DPPC: Dipalmitoyl-phosphatidylcholine; DPPE: 1,2-Bis (diphenylphosphino) ethane; DSPC: 1,2-Distearoyl-sn-glycero-3-
phosphocholine; DSPE: 1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine; DMG-PEG: 1,2-Dimyristoyl-rac-glycero-3-methoxypolyeth-
ylene glycol; SM-102: Heptadecan-9-yl 8-((2-hydroxyethyl)(6-0x0-6-(undecyloxy)hexyl)amino)octanoate; DOTAP: 1,2-Dioleoyl-3-trimeth-
ylammonium-propane; DOPC: 1, 2-Dioleoyl-sn-glycero-3-phosphocholine; APCs: Antigen-presenting cells; cGAS-STING: Cyclic GMP-
AMP synthase-stimulator of interferon genes; CpG: Cytosine-phosphate-guanine; IL-10: Interleukin-10

Load antigen/

Type Composition . Characteristic Disease Mechanisms of immunity Ref.
adjuvant
Polymer Alginate-coated DNA plasmid Protect DNA against Breast cancer Increase DNA uptake and [24]
nanoparticles chitosan nanoparticles degradation in gastric fluid expression by macrophages and
DCs in the intestinal PPs,
enhances the autoimmune
response of CTLs
Mannosylated chitosan BSA Protection against enzymes ~ ----- Enhanced antigen accumulation [25]
nanoparticles coated and gastric acid degradation, on PPs, elicit strong systemic
with Eudragit” L100 reduce release into IgG antibody and mucosal IgA
gastrointestinal fluids responses
Mannose and SIRPa siRNA and Gastrointestinal stability, Triple- Antigen enrichment in LN, [44]
glycocholic acid- MUCI1 pDNA effectively penetrate across  negative promote M1-type polarization,
modified trimethyl the intestinal epithelia, reach breast cancer promote systemic immunity
chitosan nanoparticles the basolateral side with
structural integrity
PLA/PLGA Rotavirus Slow-release antigen ~ ------ Elicited long-lasting IgA and [78]
nanoparticles IgG antibody titer
Lipid Soybean oil, Pluronic ~ Melanoma antigen,  Stable under pepsin and MAGE-1 Targeted migration to [39]
nanoparticles 188, Span-20, tomato ~ heat shock protein,  trypsin conditions expression in  mesenteric lymph nodes and
lectin, phosphatidyl staphylococcal tumors PPs, preventing postoperative
ethanolamines enterotoxins A tumor metastasis and recurrence
DPPC, DPPE, DC- OVA Gastric juice stability ~— ------ Induction of systemic immune  [53]
cholesterol, a-GalCer stimulation, APC uptake
enhancement
DSPC, DC-cholesterol, Long peptide antigen Remains stable for long Colorectal The activation of innate [54]
DSPE-PEG2000 and Pam2Cys- periods at 4 °C cancer immune responses in mLN
SKKKK adjuvant
DSPC, DMG-PEG, SGlus/mRNA pH response characteristics E.G7-OVA Uptaken by DCs in the [63]
cholesterol, SM-102 complex tumor model  gastrointestinal tract, inducing
adaptive immune responses
DOTAP, DOPC, OVA and Higher drug encapsulation =~ Melanoma Induce DC maturation and [65]
chondroitin sulfate-g-  polyinosine- efficiency and colorectal promote Thl and Th2 immune
mannose, chondroitin  polycytidylic acid cancer responses
sulfate-g-glycocholic
acid
Pluronic F127, plant-  Ce6 and R837 Gastric and intestinal fluid ~ Colorectal Induce ICD, promoting the [75]
extracted lipids, silk stability, mucus permeability cancer polarization of M1
fibroin macrophages, regulate the
intestinal microbiota
Inorganic Aluminum metal- OVA Long-term storage stability, —----- Targeting intestinal M cells, [26]
nanoparticles organic framework, gastric juice stability, inducing effective and

yeast capsules

controlled release

persistent immunity
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Continued
Type Composition Load. antigen/ Characteristic Disease Mechanisms of immunity Ref.
adjuvant
Mesoporous silica Len and OVA Reduce drug leakage and OVA-Hepal-6 Targeted delivery to tumors and [61]
nanoparticles, f-glucan ensure structural stability in  tumor model ~ APCs, activate the TLR2/4
the GIT signaling pathway, enhance
immune responses, and reverse
macrophage-related immune
suppression in the TME
Montmorillonite OVA Gastrointestinal stability, Colorectal Activate the cGAS-STING [68]
nanosheets mucosal adhesion cancer pathway within DCs to
promote DC maturation and
activate systemic and mucosal
immune responses
Hybrid Cationic liposome Immunodominant Low toxicity and good Colorectal Activate DCs and enhance [57]
biomimetic  conjugated Escherichia peptides of colon uniformity cancer innate immune responses
nanoparticles coli adenocarcinoma
Bifidobacterium Murine WT1 fusion  ----- Acute Activate intestinal DCs and [70]
longum gene myeloid promote CD4" and CD8" T cell
leukemia infiltration at tumor sites
Plant lipid Immunoadjuvant Gastric and intestinal fluid ~ Colorectal Stimulate dendritic cell [77]
nanoparticles coupled  CpG and carbon dot  stability, ROS cancer maturation, promote tumor
with responsiveness infiltration of cytotoxic T
Limosilactobacillus lymphocytes, and regulate the
reuteri gut microbiota and its
metabolites
Crosslinked pDNA Efficient phagosome escape Melanoma Induce systemic T cell [79]
f-cyclodextrin-PEI600 and enhanced acid resistance responses and promote anti-
(CP) and tumor immunity

polyethyleneimine

network adsorption of

Salmonella

Escherichia coli Nissle Tumor-associated ~—  -----
1917 antigen Glypican-1

Pancreatic Increased levels of IgG and [80]
cancer regulatory cytokine IL-10,
stimulating mucosal and

systemic immunity

4 IERELIR

1 44 K B A T 1 45 28 v RO BB A
BEIALES, IO BB A I RT U # R, (H Rl 3 224k
Tl AR ATAT FTB BE, W R AL T I AR L 4 57l
2 BRI LB TTENDIT R T 2000 iR IE &
GERSCHLEORSRA: H Al I R _EAEAE R P mRNA B
B8 LABAAR T 2R S, Huang ™80 0E T —Fh ik 2
(RNACap), & fl pH U R 2 5 i 18 6 2 9% 3l B TR
I AH 5 A, RRIIAE K SR A5 2 o SE B AS mRNA 94
KFIUREL R 11 B335, 38 4 1 ¥R T mRINA i1l 771 J 75 14 &5
5t HAER AR Tl R . tedh, o T 5 s ARk
72, B P I G B SR BB, T A T KA 5 5 i
JESLE L, Guo FMIF R T — i B- ] TR B AZ 1A ) 2
BEME A AL A RE A S 9 KA 57, A AT {23 DC
A L2 AR, 4 08 5 DC B L 58 X i AT
IEFEAH R B 2L IR (¥ 1, 38 AT S BT O VA #EL 7] i 3% 3

o3& M LA DC 240, e wiT R AR A3k 18T 1)

2 A W R BT RIE 7C < i PR 6 B L 2 24 LA
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KRB A BN RS K 52 R G 2 2 M AR
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M, HEAEW AT e o) T2 3R iy 25 2
MRFAE 1 22 e 1 A T AN TR, 2R AN [ R 4 A 23 A1 AR
RN R RS, BT 5, A B SR BA K B BS 1F
P AT B A 0 20 I e B Y, TR 5 W Ak ) S Rk B
5y Vs KSR B AAE, TeHLAN A RIURL A7 1 5 K0 & AR
e SR, ) I T A W 790 5 A 5 4 B [ D RT RE 3
G SR, 1A BUR B B e O . A, K
UKL 5 8 AR LIRSS B W) 7 3 R AR AR R e YA B
YRR, WTRE 51 A G B it 25 L 4 I T e 40 1 L 2 %
VRSB S . B TR A, NS =T IT
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B TR AR = T, T2 S50 (i b
pH W Z55) 5 BRI A1 PR 8 2N [, TR R
el 2 5 (g2 RS T R A KA
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R b3 RS, 3 25 4800 BT AR A . (R, A 2T S
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