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5 55 BRI AR G A M S SOXTAE HL Pk 2% o
W HBRX YR RO ARA R S
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22wk (phosphate buffered saline, PBS) IR
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i (HFE N 100 pg/L) , BREEATIR S J5 vk
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W5 pCAR I KL W, il % PNP/pCAR 4 K i
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KGRV W PO 6 L RESE PRI ST, ] HL YR
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Smin (IJR300 W, #Br3s, MESs). fHHL
IRSCHRIEEAY (Zetasizer Nano ZS90) il 44 K ks
kLA S QLA . BRSSP AT 3 0, HCF3Y
{Ho MIFAL PNP/pCAR K Fbr i fa e i, H pH
741 PBS ZZ U A BE 2 1 g/L, B T 4°CUKAH
A7 PAESE 0. 1. 2, 3. 4. 5. 6. 7TKATHL
FE, SRR SORLEE SRS kAR AR 1k

H B F B il 88 (scanning electron
microscope, SEM) WA KFIAIZ A . HL10 ul
1g/L PNP/pCAR 4K BRI, HI51 MR 4 L BE
A3 K . AR TREE R R, =R T AR

T 24 h DUk K2R T5 . B RE R B T SEM
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FBS. 1% SR R-HERE AL (FRK10° UL,
752 100 mg/L) 154 DMEM 58 415 92 2L 95
Hela-Gal8-mCherry 21l ffg 15 5% 550 5 LA — 8, 1%
FRPRAE b 75 i it FE VAL, BREE (I -EDTA W &
B HIFE 2 min Y, AR BIRE N 1 - 4, DIgE
Rt 3 R R R e Pk
1.24  ZAEREPESCE

BOWBUE KA Raw 264.7 400, 584553
FEPE R 131074/, 100 ul/AL (25 1x1034~41 i)
PR 96 fLMR, BT 37°C. 5% CO,5F-4 it
EE LASCBLAN AN BE . Yk H 0 e o8 R TR,
A3 B0 A [ 9 B (1) PNP 2844 5%, PNP/pCAR 44 K
Wik (PNPYREERRE 0, 5. 10, 15, 20 mg/L),
TR 3L, [FREs AR (g ek
B R xT RAl (A oE kIRt ) o RS
A48 h)m, FEERALNEEFE, BALIA 100 pl &
10% CCK-8 iR o8 s Fe it (i) 5 3 R ik
B 1:9), BWHE2h)5, {f/H2Z 0068
(Thermo Scientific Varioskan Flash) %€ 450 nm J%
KFMRGEME (4).
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JL LA 1< 107/L 248 o 2% B2 45 Fh 22 8 FLANMIIC /32,
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We N3 mg/L), [A]BSi5 57 PBS Ak ¥ 2H Fil pCAR®™®
(3mg/L) AbBRAVERXTIE, SLEIBFE 4 h, BFE L
H 05, FHPBSTEL 3K (5 mink), MMAFS mg/L
DiO 4 it 448} F1 10 mg/L Hoechst33342 4 o 4% 4t
B PBS IF TR, 37°CHFH 10 min, FERIELIE N
500 ul PBS, #OGI R LT B M (Leica
STELLARIS 5) TFMi%%,

TR ARG . BF Raw 264.7 ZH 1L 8x107/L
YRR, e 1 mUALEERD & 12 FLAR, AR A
G BE O RE R R e oF e SRS, A PNP/
pCAR™ kiAW (PNP KA 10 mg/L, pCAR K
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J& 4 3 mg/L), Jf % 37 PBS 4k B 4] Al pCAR®®
(3mg/L) AbFRZHAEAXTE, WFH 4h)5, FHPBSTE
PO 2V, 1500 ul 0.25% JEHE 11 B§-EDTA 141k
2 min, Fff5H5E2EEFES IR, 1000 r/min
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A, N AEIY (Beckman Cytoflex) Faill
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TR AR B LS BN AN B . SR LN IR R
5, 4B A & pCAR (¥ FF 3 mg/L) B PNP/
pCAR HKFkL (PNPHSE N 10 mg/L, pCARMKIEN
3mg/L) HYSEREFREE (500 pl/fL), FEFEBFF 4 h,
WEE ARG, HPBSTEGAIAE 3K, JilA 500 ul
PBS, il G R AR A AR A A IR A
JE 8k F Imaged BT DEOGAF S5 #7483 17 -
1.2.7 SRS GeAb i

FRME LR 4 ¢+ 1R G PNP 44k 5 pCAR-GFP
kL, il % 15 3 PNP/pCAR-GFP 4 K kL, ¢
Raw 264.7 40 4i 1x10°/4L3F0 2= 12 FLAR, & Es
I J5 54 JC I T B 3R 3, 1) & AL i A PNP/
pCAR-GFP 44 >k i k7 (PNP ¥ & & 10 mg/L,
pCAR-GFP ¥ 0 3 mg/L) o Y3 AN i b Ak e e
ik 7 Lipofectamine 2000 ffi # pCAR-GFP (Lipo/
pCAR-GFP) AbFRA KXt fR . U8 him, #HH&
10% FBS [ 52 4 B FR RL 4k 4205 75 48 h, W 45
J&, HIPBSUEIAANAEL3 YK, LR AF-EDTA HIL
Ji, LA 1000 t/min &0 3 min W5 40 0, 15
200 pl PBS =R, i ik i 40 AR I GFP 22
JERRE
1.2.8  BAHIZR AT AR AL KL PR 3 335 28 G0 J AV JBe A 98
fia] S e PRI e R DA

ZIN BB i B g A TR () R . B 6 S
Balb/c/INE, 28612 hm i 2 I8 5 1.25% Bl
THEATIRRER, RN BN RN I A TR I R
T T L AE 0.8~1 em 1 10 DA B 52 IR s )
10wl 5% 2 AT WH 50 ul 25 5%10° 4 Panc02-Luc 4
MR B, SRS T AJBRRR TP s T, 45580 30 s JE 4K
B, BAmEIFRRES . HE. AET7dR, #
/NS AR R 54X (Caliper TVIS Spectrum) 6
T HRR X IR AT G55, LAH e R A A 1)
TE UL

BHEIRME B IL 8 % R4 (BGlus-PNP/
pCAR) il % : JG R Cy7 %864 FH5ic PNP/
pCAR, HJE153] PNP/pCARY; BB MR AR 1
Tk, 37°CHE it 2 h B2 &M, i
il 0.5 g/L B RBHAW, £20.22 um BEMEL IERR A
Y B S PNP T HL 1 2 2, 4 B R %
P2 I 2 PNP/pCARYIFWY , Z IR T #E it 1 h,
fifi p IS THOR PR R . VAR, B
IRAWW T 4°CHIE T, HIpH 7.4 1 PBS 2% 1Pl i%%
Mr24h (58 h¥fe—UGENTH) , LLEBRUFE B #IR
Wi WEEBHTASNIE W, B4 BGlus-PNP/pCAR®Y
YRR, T 4°CIRAE o

PEAG R AR R g . DA/ R A7 JER A9
B BEE T 5, 43w/ BRE IR EE 100 ul
PNP/pCAR® & BGlus-PNP/pCARS 4 >k i ki (
HUNE pCAR I FH 4 30 pg), R HI/INIITE A4
BRFGHFTIBEL LR, 2. 4. 8. 16 h/hEUAN
WNAFET 05 2548 WG hFE/NR, @ /Nah
Pris AR B R Ge T IR AR IR R4 T 9 LR S a5
TorHr. AR, BALRANEH T3 H
/IR

AL PR BUR AR N LR G0 . LU/ RURAE
IR i s A B SR R S0 4, o) im0 BRI R EE
100 ul PNP/pCAR-GFP %, BGlus-PNP/pCAR-GFP 4}
Ak (5 RN pCAR-GFP i & /30 pg) o 44
2548 h G AbAE/NER, BORRAR MR A2, 2 A
& KRV R o YR 4 DAPT Y A bR ic 4 A%
J& . i PO BSR40 GFP 8 H 1 ik
129 Sitortr
A 1 52 56 B H R H GraphPad Prism 10 4%
AT AR S 530, BT SEERZE R DL S+
FRfE2” BB RN, BHLREPERZ IR (0=
3)o WMZERAMN R T . WAL R
Student’s (#5550 ; 2241 [A] FL AR ISR R 2 7 2240 Hr
(one-way ANOVA) %54 Tukey K56 ; Hirp, *=fY)
% P<0.01, *xft 3 P<0.001, HHERHFIEIE R
EYIT R
2 HR5IE
2.1 PNP/pCARERE#E RFHIRIE

A S EJH % PNP 28044 5 pCAR iy I, RH]
By W BB 1 L UK B AR S M AS TR /B LR (02 1,
05:1,1:1,2:1,4:1, 8:1) F, PNP#k
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URL S R ERTE 5 T R SO BSOS I 445 51 8
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pCAR By CHLA R—(2942) mV, —HHLR /Wil 445
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Fig. 1 Physicochemical characterization of polypeptide—based nanogene delivery systems

(a) Agarose gel retardation assay used to determine the ability of PNP to bind to pCAR. (b) Particle size and SEM images of PNP/pCAR. (c) Zeta
potential changes of nanoparticles before and after pCAR loading. (d) Monitoring of the size variation of PNP/pCAR in PBS over time.

2.2 PNP/pCAR EFEERGZHLEE. AIEE
EXFNA R IR IEM

T 45 %t PNP 2 {K K2 PNP/pCAR 44 K JW0kE () 4
W 2 4 P AT PEAL , CCK-8 A6 il 45 3 s (&
2a), fE—EWREEEIN, PNP Z{&F PNP/pCAR
Y0 K FURL Y K AE Raw 264.7 21 i o 26 P 40 i 75
P, NSRRI A LI B T Bl
T PEAY PNP 844 %F Raw 264.7 41 g 45 B pCAR 2% %
(52 M, % pCAR it ki bric I+ CyS, #4 & PNP/
pCAR YK ki, 5 Raw 264.7 40l 2L[RIHE % 4 h

J&i , O R A B S T A R A T
Rl SRS R s (E2b), 4 PNP/
PCAR® 4 K URL Ab # 1Y Raw 264.7 41 fitg, H: Cys
SR R 8x10° LA L, ifif pCAR®™ Ab BHL24H 4
ST 2756 Eam B WA 2x10°; ot R AR B
BEE% (Bl2¢) Ws, pCARS b FRZH 40 N LT
TCLTAHENAE S, PNP/pCARSS b FHL2H 41 iy P 21 44,
D RIR=d I IRTE Sl B BU RO/, O Ee LR ETRTA
B P % 7 19 pCARS 306 £ 5 3 45 it . PNP/
pCARY b 4] 145 5 58 B & pCAR™ Zb BEZH 119 3.7
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£ (F2d). PLESERARIR, PNP#ANT masr
pCAR JFH i 16 25 5 W2 A A o

Vs A b 2 35 IR 326 2 2R G0 & P A SR
52 R %k FH 26 38 Gal8-mCherry il 25 1Y
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pCAR ZH KNGO (1) 15 B B IR RE T o YV B A 2
P}, Gal8-mCherry 23 FE il 22 4 i 5T - R EETE Wi A
RECTG, DG A B B v B S e 396 398 55
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Fig. 2 Evaluation of cytotoxicity, cellular uptake, and lysosomal escape of the PNP/pCAR gene delivery system
(a) Evaluation of the cytotoxicity of nanoparticles by CCK-8 assay. (b) Detection of cellular uptake by flow cytometry. (c) Detection of cellular

uptake by confocal laser scanning microscopy. (d) Mean fluorescence intensity analysis of pPCAR®>. (e) Detection of lysosomal escape by confocal

laser scanning microscopy. (f) Statistical analysis of Gal8 spot count. n=3-5, **P<0.01, ***P<0.001.



2026; 53 (2) FIE, % BIRAOKEMERTOREEBRIERSHEZEERBXNHR -437-

23 PNP/pCARERFEZERZFAMWMMELMZE  PNP/pCAR-GFP 4 il Lipo/pCAR-GFP 4 () °F- 14 %¢
AL J6 38 43 51 pCAR-GEP Bt 20 1% 28 4% Al 21 1%
3 2o 4 B R K I PNP/pCAR-GFP K (B13c) . LA EZ5RIERT, PNP Z{A7E Raw 264.7 4f
RIFE Raw 264.7 4 L et . g o (& fitd v 22 B H A T Lipofectamine 2000 A9 4% YL 4 6E .
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Fig. 3 Evaluation of cell transfection efficiency of the PNP/pCAR gene delivery system
(a) Detection of cell transfection efficiency by flow cytometry. (b) Statistical analysis of the percentage of GFP-positive cells in different treatment

groups. (c) Statistical analysis of fluorescence intensity in different treatment groups. n=3, **P<0.01; ***P<0.001.
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Fig. 4 Evaluation of the targeting ability of B—Glucan—coated polypeptide nanogene particles to orthotopic pancreatic
tumors
(a) Dynamic fluorescence monitoring of mice in different treatment groups. (b) Fluorescence imaging of pancreatic tumors in mice at 48 h post-

treatment across different groups. (c) Statistical analysis of pancreatic tumor fluorescence intensity in mice at 48 h post-treatment across different
groups. n=3, ¥***P<(0.001.
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Fig. 5 Evaluation of transfection efficiency of the polypeptide nanogene particles in orthotopic pancreatic tumors

(a) Fluorescence imaging of GFP signals in orthotopic pancreatic tumor tissues at 48 h post-injection of BGlus-PNP/pCAR-GFP. (b) Mean
fluorescence intensity analysis of GFP signals in (a) using Imagel. n=3, **P<0.01.
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Abstract Objective Pancreatic ductal adenocarcinoma (PDAC) exhibits a limited response to current
treatments due to its dense fibrotic stroma and highly immunosuppressive tumor microenvironment. In recent
years, advancements in cellular immunotherapy, particularly chimeric antigen receptor macrophage (CAR-M)
therapy, have offered new hope for pancreatic cancer treatment. Although CAR-M therapy demonstrates dual
potential in directly killing tumor cells and remodeling the immune microenvironment, it still faces challenges
such as complex in vitro preparation processes and low in vivo targeting and delivery efficiency. Therefore,
developing strategies for efficient and targeted in vivo delivery of CAR genes has become crucial for overcoming
current therapeutic limitations. This study aims to develop an orally administrable nano-gene delivery system for
the targeted delivery of CAR genes to pancreatic tumor sites. Methods Core nano-gene particles (PNP/pCAR)
were constructed by loading plasmid DNA encoding CAR (pCAR) with cationic polypeptides (PNP).
Subsequently, PNP/pCAR was surface-modified with -glucan to prepare the targeted nanoparticles (BGlus-PNP/
pCAR). The loading efficiency of PNP for pCAR was quantitatively assessed by gel retardation assay. The
particle size, Zeta potential, morphology, and storage stability of PNP/pCAR were characterized using a Malvern
particle size analyzer and transmission electron microscopy. At the cellular level, RAW 264.7 macrophages were
selected. The cytotoxicity of PNP/pCAR was evaluated using the CCK-8 assay. The cellular uptake efficiency and
lysosomal escape ability of the nanoparticles were assessed via flow cytometry and confocal microscopy.
Transfection efficiency was quantitatively evaluated by detecting the expression of the reporter gene GFP using
flow cytometry. At the in vivo level, an orthotopic pancreatic cancer mouse model was established. Cy7-labeled
BGlus-PNP/pCAR nanoparticles were administered orally, and the fluorescence distribution in mice was
dynamically monitored at 1, 2, 4, 8, and 16 h post-administration using a small animal in vivo imaging system.
Forty-eight hours after oral gavage, the mice were euthanized, and pancreatic tumor tissues were collected for
further analysis of intratumoral fluorescence signals using the imaging system. Additionally, BGlus-PNP/pCAR-
GFP nanoparticles loaded with the reporter gene (GFP) were administered orally. Forty-eight hours post-
administration, pancreatic tumor tissues were harvested to prepare frozen sections, and GFP expression was
observed and analyzed under a fluorescence microscope. Results The PNP carrier exhibited a high loading
capacity for pCAR. The successfully prepared PNP/pCAR nanoparticles were regular spheres with a
hydrodynamic diameter of approximately (120+£10) nm and a Zeta potential of about +(61) mV. They maintained
good structural stability after incubation in PBS buffer for 7 d. Cell experiments demonstrated that PNP/pCAR
exhibited no significant cytotoxicity in RAW 264.7 cells while being efficiently internalized and effectively
escaping lysosomal degradation. The transfection positive rate of PNP/pCAR-GFP in RAW 264.7 cells reached
(25+3)% , surpassing that of Lipofectamine 2000-loaded pCAR-GFP (Lipo/pCAR-GFP), which was (20+1)%.
In vivo experiments revealed that, compared to unmodified PNP/pCAR, BGlus-PNP/pCAR exhibited stronger
in situ pancreatic tumor targeting ability after oral administration. Furthermore, oral administration of BGlus-PNP/
pCAR-GFP resulted in significant GFP protein expression detectable within pancreatic tumor tissues.
Conclusion This study successfully constructed and validated an orally administrable, pancreatic cancer-
targeting polypeptide-based nano-gene delivery system. It provides an important technological foundation in
delivery systems and experimental basis for the subsequent development of in situ CAR-M-based therapeutic

strategies for pancreatic cancer.
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