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Abstract: Macromolecular drugs, due to their high specificity and excellent biological activity, play a crucial
role in disease treatment. The oral administration route, with its advantages of high patient compliance and safety,
is considered an ideal approach for delivering macromolecular drugs. However, various biological barriers in the
gastrointestinal tract significantly limit the oral bioavailability and targeted delivery efficiency of macromolecular
drugs. Existing research has primarily focused on overcoming single barriers or designing single carriers, this paper
systematically addresses the multiple biological barriers encountered during the targeted delivery of orally adminis-
tered macromolecular drugs. It provides an overview of various nanocarriers suitable for the targeted oral delivery
of macromolecular drugs and delves into the latest advances in organ-specific targeting strategies, offering new
perspectives for the precision treatment of orally administered macromolecular drugs. Furthermore, it incorporates
examples of applications involving macromolecular drugs such as peptides, proteins, and nucleic acids, providing

theoretical insights and research directions for enhancing the oral delivery efficiency of macromolecular drugs.
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Figure 1 Biological barriers of oral targeted delivery systems for

macromolecular drugs
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Table 1 Summary of oral targeted macromolecule delivery systems

Drug carry Drug Disease Characteristics Ref.
Lipid IL-12 Inflammatory Improving colon targeting by modifying ginger-derived lipid ligands [26]
nanoparticles mRNA bowel disease

Gegr siRNA  Hyperglycemia Improving glucose homeostasis through targeted delivery of siRNA [27]
Insulin Diabetes Improving intestinal absorption of insulin with lectin-mediated targeted delivery [28]
Elcatonin Osteoporosis Improving the oral bioavailability and intestinal mucosal retention of calcitonin with [29]

submicron-sized, chitosan-coated liposomes

Leuprolide  Prostate cancer Enhancing gastrointestinal stability and improving oral peptide delivery by linking to [30]
palmitoyl chains and utilizing it to modify scleroglucan-coated nanostructured lipid carriers
Polymer NF-«B Inflammatory Enhancing oral bioavailability and macrophage-mediated targeting delivery of antisense [31]
nanoparticles mRNA arthritis oligonucleotide to NF-«B by albumin microencapsulation
Ovalbumin  Human Improving antigen immunogenicity and dendritic cell targeting by ovalbumin-loaded [32]

immunodeficiency polyelectrolyte multilayer capsules functionalized with CpG oligonucleotides

virus
STAT3 Colorectal Improving bioavailability and therapeutic efficacy of STAT3 siRNA by cRGD-9R-PAss [33]
siRNA carcinoma hydrogel nanocapsules for colorectal carcinoma
INFa-2b Human Enhancing IFNa solubility, stability, and therapeutic impact by chitosan nanoparticle [34]
jymphotropic-T encapsulation for oral administration
virus
Micelles Anti-RelA  Ulcerative colitis  Alleviating ulcerative colitis by multifunctional peptide carrier-modified polymer micelles  [35]
siRNA for oral siRNA delivery
TY1 RNA  Myocardial Exploiting the presence of macrophage-specific uptake mechanisms by the preparation of [36]
infarction casein-chitosan (C2) micelles for oral RNA delivery
Insulin Diabetes mellitus  Exploiting the presence of goblet cell receptors by the preparation of CSKSSDYQC peptide [37]
Inorganic Bcl-2 siRNA Oral cancer Mediating nanoparticle-enhanced siRNA delivery through magnetic targeting and [38]
nanoparticles polycationic complexation for oral cancer gene therapy
Influenza Seasonal influenza The large pore structure in the core of mesoporous silica nanoparticles facilitates stable [39]
split vaccine vaccine encapsulation and intestinal absorption, affording enhanced mucosal immunity
Insulin Diabetes mellitus  Moiety modification in the core mesoporous structure enables pH-responsive crosslinking [40]
with enteric polymers to afford stable insulin encapsulation and targeted intestinal release
Biomimetic  Dmtl siRNA Hereditary Binding to intestinal folate receptors and releasing siRNA affinity-driven reaction to silence [41]
delivery hemochromatosis iron transporters
systems
Semaglutide Type 2 diabetes Exhibiting negligible adverse effects and superior anti-diabetic outcomes and enhancing [42]
mellitus oral bioavailability via self-adapting surface properties
ZFP-362 Acquired Offering the system broad biodistribution and brain-targeting capacity by engineering [43]
mRNA immunodeficiency exosomes with surface modifications for enhanced blood-brain barrier penetration
syndrome

Intestinal crypts Lipid nanoparticles
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Figure 3  Schematic illustration demonstrates the role of lipid nanoparticles carrying miR-200 in promoting intestinal regeneration

following acute injury in mice. Reprinted with permission from Ref. 46, copyright 2023 ACS Nano
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Figure 4 Preparation and characterization of cRGD-9R-PAss (siRNA)

hydrogel nanocapsules. A: Illustration of cRGD-9R-PAss (siRNA)

nanosphere preparation; (1) acrylate guanidine, (2) cystamine bis (acrylamide), and (3) acryl-PEG2000-NHS; B: The potential structure of

the GSH-responsive hydrogel nanocapsule; C, D: Transmission electron microscope (TEM) images of cRGD-9R-Pass (siRNA) with
negative staining; E: {~Potential of cRGD-9R-Pass (siRNA); F: Elemental analysis of cRGD-9R-Pass (siRNA) by HRTEM + EDS; G: Size
distribution of cRGD-9R-Pass (siRNA); H: In vitro siRNA release behavior of cRGD-9R-PAss (siRNA). The release studies were performed

at pH 7.4 and 37 °C in the presence or absence of 1 mmol-L"' GSH. Reprinted with permission from Ref.33, copyright 2024 ACS Applied
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Figure 5 Schematic illustration of the sophorolipid-associated membrane-biomimetic choline phosphate-poly (lactic-co-glycolic) acid

hybrid nanoparticle. A: Schematic illustration of physical stability in the gastrointestinal tract, rapid mucus diffusion, and improved endocy-

tosis, driven by the dipalmitoyl choline phosphate-phosphatidyl choline interaction; B: Regulation of the conversion of tumor-associated M2

macrophages into the M1 phenotype and the matrix barrier, as well as the reduction of angiogenesis in the tumor microenvironment.
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AEWE I, AAE BIIK 45 i J5 TR B R T, AT S IR
AEF R 5 1) 3 2451, W 9T A R 45 B 1 pHELAE
i R AL, DASR = 29 ) 7E 45 W X 4 (9 49 A . Huang
SO T — M 4 N RNACap iR B2 &, F T4 A
Y A 10 (IL-10) mRNA g2k i) 71 11 R 3% 3% 2 5
8. fEBANE pH BUBR 2, RNACap RETETH AL IE 58
I ORFRRR T, MIESE W P MBS N IR, e %
Al 60%~80%, M T 52 B mRNA [ 45 iz #2 [7) 33 % .
2 SR WAL A X B, H 5 52 AR IR B BOR AS 52

M, 5 O R AERR M T R A, 45 SO0 X 30 A7 7R
T TR B M 4R (reactive oxygen species, ROS), A # F
T4 8 ROS i B 336 24 2R 48, S B 98 05 0 7 10 A S 1
IR . Wilson S5 HY 1 — ol ik B 19 40 K kL
siRNA #1% R 48, 1 280 F A7 1) RE TR T 35 80%. 1%
FEWE R OL A AE T BRRF S PR v L A8 S A B, TR
28R I 9 o TE S 2H 2R ) s, H A R v R K RS
TRAEMPEERE . 53— J7 1, 45N F & RHEY
R HE T 43 A 22 T i R B, U FH IR S 2 R 1) 22 BB SR
WAL S A, TSI B T R e PR 5 i A e R 2
Mohanta S5 T bR R 2 BERR AR A, I
BHEEAERKES 4. HAAd o & S100 7]
DASE I 245 W15 25 i A oL 1) A e PR R T

32 BARIRMEBEEEE ML (lymph nodes, LNs)
ERNNE R E RGN EE PRI E, 28305 HEE
I G 2 I 2 PR S B I T o R L 35 RS e i 3 2 FR R K
I3 2 v U I b L A N R, I E AR E e A T
S v S IR B I — o AL ik SR s H T,
I UL PR 2L 5 B o) D 356 3 3 AR T K A R RS
TEAER S . 15 5, B TR TR 42 1 45 2 2 m) SR g
F P8 K FHRIAR1E 10~ 100 nm 5 3 (90K ik . Ye
ZESIE R T 65 R TR (chlorogenic acid, CHA) £ 3 1) 5
FALZG Y 1% 255 (CHA-SME), 1148 [ 8 3% 2 1
RIBEME LS . % RG0E IS G R 285 W bR 135 1 fe
1tk B e 12 J8 %, 2 1R+ T CHA £ MLN 4
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MEMGAEMREE, 7 3EE T 5.1 M95f5. HIX,
BE T O A 1) 32 B0 1) SR S A TE K B 3R T B 1
AT 5 G 88 2 i 3 T R e M 2 AR 4 A 1 4 TR A, DA SE
BT bk B 4w AR S 2 2 PR R 1) 3 Bl R ) 5 e R
i) o 51 0, Wan ZECTF kT — Bl b B 28 BEAS 1 11 16 T
g K BORL (mLNP), £ 22 PR RNA % 1 (circRNA-G),
T Il &7 24 0L 1) 22 96 £ 45 1 2800 28 5% LG U7 29 mRINA 2 7+
T 46.61%. ULAL, 15 A GHOK B AR S T 1R Ik T 4 o) g ok
WS T AR AZ B2 % . Attili-Qadri "R R T
— Pl R N THOREL 25 74 (1) 22 1 55 A2 B 40 K s 9 1l o)
A, HRMW M RIIRE A S8R5 T AW
JVr b R 40, R R G iE HE N ARG, (13 2 75
BB IRAEDF ST T 6.2 4. W45 K
WS 3B oy A2 4 ) B AR AR Ak K 1 A B P RN B T 259
W SRR, NSRRI TT AR L R DR SRt 7Ok
BRSO, (A% SRS 3 5 0 — DA B A RS 5 I
IREGALTTAT 1

3.3 BFERmE  JFFMEEE A R O IROK A T AR R
PRI & A8 T I U 20 23 BRI 4 A, DA S B i 380U 9T
HEER A G HEMEHRBEREAR . RN AR
5 AR A X, BUA R IR 2 A B AR, LA
S R R ORI 0 S A A B A 1 A e
i (Kupffer 2 ) A J- 20 i e g 8 B o A 1) RE S 12k
AR, 1R BT T R ) 0% R G B A TE 4 R X
PE, 3 5 2 skl sh R L, 515 259 5O ik S i bR
W, 2RSS 2 11 F K R GO HEE T AR .
e, I 7R B AR RS 16 BE 05 5 20 i o 5 1 2 1R 45
A TR, BT S ELG Kupffer 20 A0 5 HT 585 P9 B2 40 B ) =&
SR I6I%E . BN, He ZFF Rk T —FpH B A& 1
= FERPE- L% ER (mannose-modified trimethyl
chitosan-cysteine, MTC) {84 K Fiky, F T 1 Ais =
Jib B PR BB 7 o (TNF-a) siRNA . 5256 45 5 7R, MTC
B IR 1) 1 AR 2 W R R o L BS 25 4R T T 6.5 4%,
NI 25 R T B e A3 /N BRI 9 S B o LR, I
Tk R AN K AR IR AR SR T HL AR B g K 1, T A g
Wl FE R P4 2 R G BEVE SIS N 7, SEBL Bl
0] %0 N o Shashni &0 & T % 85 8 )i % (short-chain
fatty acid, SCFA) Hi 2161k R4t Wit R S5 AR T
FRABEE, B 25T /bR R A9 Kk (Nano®™).
Nano®“™ £ ' iR J5 75 17 35 I b & 4, I FF SR SCFA
KIEHUNG, O RA YR BN T 4.38 fi5. AR,
AR Z2 T G B TRE LR A A M R G T B, AT SR
ZHE AR A AR B S e A . A, R A
A 1) M 10 R AR A (a7 B Ak 21 AL 47 B3 T 240 i
I ) A1 A R, 8 I AR AL P YR PR T I e 1B s AR, K 2

W OB IE BRI . Gao ZEU M B Sk b 43 B 3R X
T RER AR KFE G BT KR, 1228 R IR B & & b
G ThRe e B SaE sy 1. B FLR B, HonriEat A
BEZ R A5 0 P A6 L, FF e 80 200 1 5 383 4 v
T TG BRI E, RS ) R e v IR B M TE AR
PEBERE i b R 57 B b e B 1 R e A 2 R
AR I8 i G 32 2 B ) | I S Vv 5 A SR e
ARG RS, A B — PP R ik
(R HEVE S G R AT 77

34 FXER[EOMGEE 2R DI S T A RE S
2 A A BRI, AR E R T IR LK
FEWRITE A s iE ik A2 . Job, i B B (blood-brain
barrier, BBB) & 1% it #2 H 1 A% 0o B A5, L b B i 1L A
P 2 i B T e R T M o 4 % A R [R) A4 ok,
JUT5E 4 BARE T Ko+ Bk 2ipes imiz"™. H
HUPBE 9E E i 2 LR T 8RR D) Rk 5 R i A2 1L
Wit, UK S BBB [FIBH A R 4, S 2590 1) v RN i 326
%. B, WEBZ AR T RIS R, AR
KIHME 15 BBB N Bz 20 il i 3 38 32 A4 RF 57 45 & 1 G
i, WOE Z A SIS RN G IZ B . Zhang 557
Ry 7 —Fh3E T R AR -F 4 (PLA-PEG2000)
1A i 2 17 470 miR-21 lE -SRI K R 4¢, F- 5 H
HEAT I IR 24K (Ang-2) B1fi. Ang-2 & — PSR HE£
FRACAR, BERE L o 45 & T BBB A0 48 I i J 41 il b i
RIEWMCEENREOZAEMRED 1. ZREVTAM
WS N A eI AR, X LL I B 254, e ) s
PURIETE B T 4.6 M16.3 15, Ik, 1546 E
PR AR 5 ) AR WA S Ve S 5 B R e 71, O IR T+
NI BB T 1) . Yang 55U+ D-S SRR 1Y
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&M T i AR R 1, #49% H DSP-sLip {ii 4= f5 Bk R 45t o
W 7 285 AR B, 53858 i 53 74 A L DSP-sLip [ 1 IiE 5
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BRI T 1T S, AL 387 3 A7 7 1) 77 2 4 P o AR 22 e 5
M 3400 i) — 350 K 2 4 PR R B IR 55 R B A2, R SR AT
it 20 BT B [ 3 12K ()R VM S5 I PR A T 55 o
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968 2HL 2R 3 v 280k N TR 24 i P S O 4 2 AR FH Y — T
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L LA 36 5 1 3 o L bk B [ O 52 R oK 2 2 W A
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and retention, EPR) 7E I8 7] 5 A # s = 4E . Yang 2517
E S, M 20 i A A ) 4 KR TT R A EPR 2% 2
BT R AN i AL 2N . MR AR T R TR 100~
150 nm 78 [l P BF, 24 075 i e S0 6 1 37 B B Ui 5 24
VIdE 2 6 1, WAE R 7R EIEIT AR . B
V1) 368 ek 7 A A 2 T A2 11 B8 15 g 4 - i v 1l
B R R T 45 A AR, DL SR T 08
MR G HALEEEN, BRGNS FEPE . Kibler
SEUONE T Bl 2 R S B A AR I R, Y e
FUR A 25 G ER BB A mRE . Bkt
TR RO RS IR I GK B A, IS AR 3 N AR
F, 2540 M B B 42 T+ 4.3 %, Wi #8581 PR 20 70%,
TSR IR MIPE S e e, A, v T MR T
¥ 1% (tumor microenvironment, TME) 4511 15 11 H. #% 7
TR N Th BE 4K B, SEEILAC A il R 2 W RE T, AT
HE— 3w R VR T PORE TE E 5 7 3. 14, Gooneh-
Farahani 55" & 17 —Fp 4= L3 B & E iR 2 B A &8
I — 50 T 0E pH BUR S & 804k, HAE MR 55 IR YA IR
(pH =~ 6.5) NI 2R T 11 84%, 1T £ ML H AU A
14%, 0 H AR S 0 2 i 2R M 5 e 5 R 2 D RE T
RE 7o i yRg S m) 36 16 SR M B 4 B A L BRI
R B4 2 AL )RS, BRI T A
HAME EMEERTR WM, HERKg TP
PEACILRE ) A2 0 1 2B TR S R A T A7 1k

4 KROFHYPB» A

4.1 ZRAY ZRAVEEHZADARERETIK
TR R T R — SRR T 254, HOA X o) 1 &l
4T 1000~10 000 Da, 7E£ 735 K/NIZE K LA T4 5t
NG A AR ER R 25 2 TR e v IR
W ST 528, T SR FH R WSO AR 3t S 38 i i b Rz 1) 55 % 18 53
PEBLE E S A0 i 02 ™. A, (S B AR A R A AN
KK (U PLGA) 42 HESEG KBRSk R G £
JWK, AT R E RS B B AR, IE eI
Tob R TH T e A A T R S A AR I T A, SIS i T TR A
S5HL AR . Xue ESIFRE T — Mg Y
il S GE R AN K RIORL . W 45 SRR B, 5] N Ak b
[ AT Sk 55 09 o A4 1Y) 40 B 1% B A 77 5 9 Joi ) 36 ik
2R, M SIS I it B J U P a4 12 R 45 v s
%o ZHE TN 2 BREG W) B 38 B R S R ] SR AL T — Fob
AT H B BT P )0 08 SR

42 FEHRAY EARAYEIE AR E TR
BEIERE Y B B AT R S 4 A R AL GORT AR ) A T ) v
A, K7 R KT 10 000 Da™s R
M, BT & E B 5 TR K 45
A, H OB miE M RERE L EORIEH TR

A A BRI FE T IR 3 3 T IR T 0R B AR
A, 2836 85 F 5T 2570 ] DAK FH 326 THDVE 1R 570 (o By
Eh)VEA TR BURF IRV I Y 58 4> T (salcaprozate sodium,
SNAC), PART I 77 I 7 b iz S5 e 42 Bt v 4t P e
B, HAEREMNZ, SNACHAROENRR L&
(MR ZE259) w3k A3 B RS LR, R o] A= P s
fiE i) o TR (R AR - ¥ O R IL W) \PLGA
FCERBE) AT A BT BB, AT AR Lk ik
MESREMEY . Fl, Wa S % T 2R AR
LBEMRILEY) (PLGA) fh3k, T8l i 2, 45 1%
B, BRI 250 51 3% N 2.83%, B R IA 82.6%
%R GAENE R Re AR BE 2 i ik T & b R
FHHINLHIVE J1. 534k, IR pH B5UR R A4 B i 38630 2
G, WA BURYE R RS2 B R . 44, Eweje S
KT — R T 3% 25 1 (elastin-like polypeptide, ELP)
R 0 K RIURE, pHL M J82 1 11 O 465 1) R A% A 28 3 R A TR
HAAERKE RS G . HASGREYH, 225
AJ KSR B IR R R 2 48%, HAE S N 4h 2B Y
H S IR /0N BRI R 20 i ) R R, e B S R
UMW 1. e, mE K O RS R R E
] Sk (U Bk AR 1 32 ) IO B EER, AT Bh E 3 %
T2 AL g L S A W 0. B 4, Sand SRR TR AR
JL Fc %2 f& (neonatal Fc receptor, FcRn) 4 3 [ 5 Jigi %
AL, BB T R BRE G (1gG) KPuik M BE
s m g LR A ) LI i, 38 RUR T 1gG e 2 4 i
N I AU, 8 B T 25 1 IR I I A M) s AR
THERME TR RN

43 ZERAY R AYE DA IEIZER (DNA)
AL ERZIR (RNA) JyBEat], 3 1 i 42 ik PR 3R 0k A2 i
5T IE K DLSEIL IR IT B R B AR R oy 12
Y. ZERGWH T RERE LT E)LE ER
W, I A AT S R SRR, DRI AR AR
WS EVE 22, S Bl A% IR B Bae e, Mk LA 2 Bk A 4 o e
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O3 T U 3 g A 5 B I S LA P A e s 2K ) AR A
R AR, BT B0 T K R 2 Fhidk ik SR mg DL S
XF EaRB s . — 7 1, B K # R s iR, DR it
YIBLORAP IEOLAL AR N I 253N 112247 v . IE R AE 2
A T 51 N Ry S PR B 1) O A, ATk — 2B 2 1 siIRNA/
mRNA 58k 15 /17 b7 b JF 54 5 b R 40 PR 4a A ae 71 .
1, Zhang 5 UE T — P FUBE SR BEAE T R B AK
Bk, FL R T FUWE A W] R S RO 45 i T AL R
6 5 T ) 2 LB 2 A, T 0 A 5 1 R B A T R
JER AL I A s B ), TR 2k i BB SR
G R RORE A SR . 5 — 7 I, R AE Bl IR FAA
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I AR S R T B A, DL 0 R
BB I AR B R . B A, Jin FEPEE T Rl A
Ry 1F A A L Bk B A A [tHFn(+)], L nT i i
i HL A 913 mRNA, 2 &L 598 i B4 1 B &
SEFY . ZERTE N AREREIR S R o] 5 OR AR, 15 SRR
P i, - 7E 1R S e 28 6 18 B 15 1 38 i i — i 2
A [ 326
5 REES5RE

RCLER T KT 2454 D IR #% RGN ek e,
AT T B B R R b R A PR R
R, R T IR AKRL R A WKL TR KL
FAfi IR RGEAF BRI . b5 MRS
GPOREAR I POE R &, Z P I RE BRI AE IR 55
PR AT % S i) 33 36 7 TR A S S R R . BRI, i TR 4
SKE T A T I 4 AR 0 1 ) AL, 3R A 0 4 KR B AR )
B 1k 5 Ak, TE ML KR I A ) e Ak i A VR A o
UbAbh, BEARZ IR VR AR R 55 K 0 T 290 E 2 Rl
S VAT HR TR I HH AR R B, E L 1 R 2k AT 2 e
72 FH I AT R 2R AR 6 ) R 24

K, MsRA R Rl R 2 YR BR S X 2
B AE XA B M S, T ik T o B R A b
RPRIR 28 B RE AL, 10 IR K 4 F 29 W HE 1] i 3%
AL A F AR R T . RN, MELEST 52 53
AR A AL IR 5 T34 245 R G0 MR S IR R
BEAL T R IE R . R 22 BOWE T M AL T I R R BT AT B
Bk, {H B o 25k AR 5 o s SR s (R AN BB £ Ak, K9 7
250 FR I S ) VR 0 A O IS, RS HE TR YT
TEREHT 812 o

{15 TR: A0 I SRR 7 TS R RO SRR
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