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Abstract

Objective: A biomimetic 3D annular tracheal cartilage composite scaffold with excellent mechanical
properties was developed for tissue-engineered trachea construction. Methods: PLGA/GelMA short
fibers were prepared by coaxial electrospinning and incorporated into a hydrogel matrix of ChSMA
and PEGNB. The composite precursor was loaded into an annular mold, photocrosslinked under 365
nm UV light, and freeze-dried to obtain the short fiber/hydrogel composite scaffold. Scaffold perfor-
mance was evaluated via morphological observation, tensile and compressive mechanical tests, and
contact angle measurements, so as to explore the optimization effect of short fiber incorporation on
the scaffold. Results: The incorporation of short fibers improved the continuity and uniformity of the
surface pore structure of the scaffold and increased its porosity. Tensile and compressive mechanical
test results demonstrated that the incorporation of short fibers significantly enhanced the tensile mod-
ulus and compressive modulus of the scaffold, and the mechanical properties of the scaffold showed
an increasing trend with the increase of short fiber content. Contact angle measurements indicated
that the short fiber/hydrogel composite scaffold exhibited superior hydrophilicity compared to the
pure hydrogel scaffold. Conclusion: Compared with the pure hydrogel scaffold, the short fiber/hydro-
gel composite scaffold has higher porosity, more excellent mechanical properties and stronger hydro-
philicity, which provides a reliable structural basis for its application in tissue-engineered trachea
construction.

Keywords

Tissue-Engineered Tracheal Scaffold, Electrospinning, Nano-Short Fibers, Hydrogel, Chondroitin
Sulfate

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 3]

RERER EWPIOE RGN EEEIE, AR REENSREZ (1] R KERT. 8
173 e P8 A B PR SRS U A3 (2] (3] AMRFF AR IR T U SR I R E T B, R EEN
A B YIRS HLLURE ZAR K VIBR A (35 - S0 AR [4]. 10 =500 B A3 A ) U i I B A
EBKI 50%, JLE 30%M 2], MELLES AR TRTABE, FESTIUEERE, MKEE
M AT IR — Tl PR A . LA I H A I B AL SRR el R A 3 2 K S AL AR T I 4 R
By BEHEF . ERGLAEIR[5] [6].

MEAER, LA TR U D L RF I 34 52 )32 Q3% Ayt U S A FL AT S R R DT A1 [ 7]
HiZo HbrR A MM R & 2RI g B AW, e Bk, 8RRl TR, FFE S
B HAAERSRBUE RBHMEALH SV AT R AN TR A BRI MR S R B
KA B DA S A BE 0 7 A AL R A A AR PR 7 (8] e, FIUHTZE WAL Ty 22 A e AN AR A A A
R ISR TREMI R O AN A, R B TR R 0] 2T RN TEEHEGH, 156 E s QR it
AEMGHINURRGRSE, DA e AR Ja BRI I AR, 8 & CAE AT REE SO 2R R 5 BB AL E RE, H
Hoh = RIRAEVIM R DAL, BRI, PR G S RIRMRHE & 10 SO H AT T % (10].
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REMRE 2 KT RE RIS, e 5 S i AL 57 s B AL, R8T
TR T Z 1] [12]6 Ferr el K Bt 3 T B o2 A I PR M, B8 6% 70 IR RD 1) A 3 4% T gt sl 2,
HA& R IYBIETE[13]. SR K 2 HUKBEREN LI e 455 B2 wE, B 3 s /K B WU R I 1%,
WiEE AT IR, RN EIEIRSE, TR K G (0 ) & i K I K 2 LN B LR AN SE . BF RN
22 RARNG DU 22 41 B e 5 526 A TE)AH LA FH R B2 i o 2 P AR A PR F B, it 7 — bRl 5 il 12
[i] 7K B AT SR [ 14] 0 20 TR, 346 R RS TR A R T (MLA ) B2 5 140325 B o R (HA M A) AN ATt 52 2K H (N B)
HFuri A DU 5 £ —E(PEGNB) Y EZEJERE, Y DL R 75 R JE-2,4,6- — F 2K FT I B R B A (LAP) Y 5
RAVAER 395 nm RS ERRGTES, MA /BN E BERS B E LK E R, 55 HAMA TR
B IR e BE A R ARRIORE,  [FIE, PEG 86K uiff) NB £ H17E LAP (/e N R EAE, 7B
T3, FESLENHTE A 3 AR A A 3k, STRIS HAMA ik bRk b Oy SR RRIEE, AT S BoRL Al
PEG %: 5 2 [M] 3N SR S5 6, IX A I LE JURD R 9 SE R T SEIR AT AR, X Pl R RS B HH 2R AR A
H AR S R FR N PTPC V.. #E PTPC R, TEIEEAA) S HAMA FIOkL i i ROEHrf Or 17 7
s A, JHB71E PEGNB 1 E2CHE, /b T R EERITER, 158 7 50 B PEG G5/ 51, X
PP IR )45 6 3B B 1 /K EEIR I W L g RO R A s B, X R B8 136 2 2 43 AR SRR PE R R 23K

i FEL 47 22 BR S — PR v s i L 3 ) 48 T SR K R R ORI T B i RO V. Ko s
TR RGP LR eI SR S G AT DO i iz B AR S A R G 4 4 5y ok ik, A
U L7 22 4 A N E AT Sl B B & )T AR AT s H R 2 — (2] I # F g7 2 BRI 46 13
A SR, Il MmN S LU 5 T AT A DD A B I S5 A0 R A PE o X SE e A
L2 22 21 24 SRR 0 o RS R SR G M A L 5 1) J2 IR G R RN AT AR AR, R ORGP IR . B BE AN Sy
TR FRAE T BRAR BRI, T A B HE A [15]. SRT, # g L4 468 W AL/ . BRI —
YEQD)E, T A FE LA = 4E(D) S AL, o i r 47 22 4T Y1) 4% iR A RS I AT 42 TR 6 = 4k 22 FLA 2 S 28
M THA AN T W IR A TR 25 2 T YA N 2 4E 45K 161, 0L A 2 23 e EE TR
FRAERK, B 3D AT ENH % T B TR 3D FRAIRALAE SR, FRIRAE T AR B B A SR R
AYERE; AH LU LRk 5 BT AR W SR K CRAIE S ME 4T BN ) ml 55t P L — e e, LW 27 4 1) 385
o A FABLH A FE LA BT 2R o 5 i PR 27 22 2 S L2 A R 23 B R 2 A T4 PR MR 5, 1T H RT3/ 7 5
HRSHE R 42 0077 M 5 A 4 Fl T H R TR SR R

KRG EIA I, BRRE TG C BIREW[17][18], METAEREHIELE. AT
RN o 2 — IR KB 2o EE R R, IR CE R DUKERIESB NS AT, A T IR
B AL IO 7 B B R (ChSMA) A PEGNB A JEREE TS PTPC [ W SR i) £ /K kR, R, 3Rt [F) 4 v g5 22 12
A% PLGA/GelMA £F4EfEIFAbFE S £ 4, 345 —H 45 B T U 47 4 - KB E Ak K JaerdE - K
B E A AR I AR, it 395 nm EAMEIRS R AT 43 2R T S8 S0 28 4F4E - KEHIR E &30 28
P RGeS 20 AL T, JR ORI RN R I 3D $hIbgEi, JLFLBR AR S 2 HCr gl
MA KT R A S E R IS . AT 0 B G SR R O R iR A 2 TR U SRR B L 554
TRERAE A M A S TR B T T A SR

2. R 57
2.1. M8

Gt LR £ R ER I B YI(PLGA, 50:50) B 5 (R B A TG IR AT, NE ST AW E & 7wkt
CRHEE R AT HIERGEL A B (GelMA) H 3E A BEAL OB ER B0 E 2 (ChSMA) R FE (2,4,6- = H
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FE IR RS I PR 2R (LAP) I H R MK ID SR AT e A B IR A H] ;. ARAHIEFEE R 2 I (PEGNB)W H
AR ET R A R A E]

22. SERERIEHHIE

I [R1 i ER R T 22 1] % PLGA/GelMA fE4F4E. 4 PLGA WEA#RTE HFIP H, KN 20% (m/v), Hi7)
PEFERENE R B, 1538 PLGA FES 2 GelMA EMRAE 0.25% LAP W+, 55 |IKE/KIE 1h, 15
3| GelMA 2 Gi 22 . AL R HGT 2251 3k, W24 B GelMA Ji22i, 7e)=4t ki PLGA i 22,
YR HER Y 2 — PR, KRR R K A BR A F))Hl % PLGA/GeIMA 4K AF4EE, &)=
WRIEA 0.3 mL/h, 522 2 0REN 1.5 mL/h, WSk R G IS4 15 om, Bk B R AT7E 8~13
kV, FHERITES3~1 kV, HEEML, REEEA 600 rpm. VEG &N Y52l 7w 2 FR 5 IR
PLGA/GeIMA #KAF4ENE . #2361 PLGA/GeIMA G KA 4EEAE 395 nm 25406 T HRES 5 min, BEIRK,
IR JE A AR /N B (0.5 em x 0.5 em), FHEE Tk . (EHFE, @it Bl 6000 rpm (1% 8 i 45 4
W 20 2080, SRIGIISIMILTHE B . Be)a, AT 4E BRI T UL Bk o B AR A 4T 4 B T
HAREEAE, AT REEH RS

FIVEE A KB AT R W . 1 564 ChSMA JEMRAE 0.25% LAP W, N 10% (m/v), =iR FEb
Wi 1 /N, 2R ¥ PEGNB JEiRAE ChSMA W, KIEN 10% (m/v), Zii TR %R 2~3 min, 14
B 7K BB A o

B Al KB AT ARBE AN AN AR 10mm. N EAE Smm. &R 1 mm FE SRR,
395 nm LAMEHE 1 min, FEIIAEKEIEIR; B 10% (w/v)5E 254 1 7K Bk R i VA T 12 B8 R e 7 vk il 1585
10%FE AT 4E S G /KBERR IR B 7 20% (wi/v) R 254 (1) 7K B R i A4 T 42 R R RE 7455 20% 0 R 4R 2
HKEEIN . 73 R A K BEIA . & 10% K 2F4E 1) 525 KEBEIE IR LL A B 20% K £F4E 1K B 5 7K BB FA TN
—80°CUKFAA AR, ZJETINA R TN AR, R TR )T 24 h, RASFBIFE A4S
0 MATKEER AL & 10% R A4 G328 AR 20% R A 4 2 &30 58 .

2.3. EHEALEYE

I B SOORR TS . R ARSI . 3 10% T 4E A SO 20% K8 21 4 ) S 4808
RN T RS ERY 6 b, XA T SRR MBS 1 min, THEMAUSHIERE 20kV MRS, £
— A AN L B SO BN R A 5 Gl Imaged BRAFGETH LR TR R/ R FLER R

2.4. NFEMEEMIK

A A R 3 RE RIS SCAR AR AR R A8 1% B o 1 S0 A PR TR SCARE L, 8T AME 10 mm,
A2 Smm. & 1 mm FPREREAR S, Frared RS T, B dhin i 5T, TER, KAT
o REEHNENR. M. BESEEIFEE. WIRE T syl LT, A SHERAE
DLFC AT BAE B R UE XS FoIn a8, SEIRPREE T DU E A A 0 Sy i X R T 2R, il A% s [R5
R - WA/ N ACKE, RENS7 - AR 2NN Ay - AR 2k, SRt R ) - AR 2 2 1k B
HIRAL; EAE I AR SCAeRE L, A ER 10mm.y & 10 mm MR G&, I FEs RS
TR BRSO TPATE <0.05mm. EEE <0257, RIGTER T /IRERIGH LT, SRAPATNIM: R
W R T DUEE (3% 3 R Bl 7 [ 20 2 o P 2 5 3 3 70 A SR SR AR A M, AR N 1) AR
RSy - ALRE AR Ay - AR M2, A ph ) - AR R 2 Pk BURER SRR

2.5. EfhASLLS
A R Bk A /2 THT 5K 70 B SGR SZ ZE R T RSB K PE o IR A KEEIRIATE L 28, & 10% 4T 4 E &
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TSRS 20% A 4 B AR SCHE, IRFFFES R TP 2, B is e 5% b. R ARG+
SY%IAEE T, H E RSN 2 uL 3 FOK FRE SR, 7EWEHE T 60 s PN, FHHLRER W 56 58 L,
S W B =AM AEYIZ, (F R Imagel BAF A B A o
2.6. GiitFE ST

BT SIS 20 3 ANPATREARRIT, SR UIE + hniEER R, 4 GraphPad Prism 10 # 4t
T AEE, B BT EE. %P <0.05, *P<0.01, *P<0.001 i, I\ NE ST
3. 858
3.1. FRISERAH TR

it SEM W B4 AT 4 & B AN EE A AR TES 4K B G LT 4E & BN 0). & 10%5 £F4ER1 5 20%
FHATYE =P IR R D = 4E B L AL . [ 1(A) R B4l KA IS S 2e R 454, St — L, fE
ORI 1(B) AR AT IR — 4 S AR AR AR S R, 76 1(O) B LE)H, 43 S5 10% 75 £ 4 %
BEFNE 20%FH 47 4k 37 200210, 58 1(A)MIEL, AN LF 4t 1 S 30 RTm 8 518, A RURII A
L(D)FIE 1(F) A [E]— i T WAL HES ) E S, B

e (A) NAUKE AR SEM R (B) A HHBRALLE
RAETIOK 5 T3 (C) N 10%E4F4E 0448 SEM BEJT s

(D) NC)HF AL LA 5 550 (B) NS 20%5H 44k
X SEM A (F) NE) AN BLRAERCK 5 550

Figure 1. SEM images of the ring-shaped scaffolds
Bl 1. FIRZZEH) SEM
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3.2. FEISERAESIROILESH

B BT = M S LR A FLBR 2 . M8 Tmaged BAEG i A — ke S AR R B ALFLBR /N 3BT 1
B, Gk R —FE A R AL LR AR o5 e AR B 4 LRGP I8ME, AR n =6 A PATRERIIME
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M. K Image] AT SEM, HGTHLER A NIFLER R, SilFaEss R IE +
FrfEZE R, (A) Gt & FHALREAR KN, n=6, MR 5%, 0vs10%, P<0.01, %
FERITZE L, 0vs20%, P<0.001, ZRAGITFE L, 10%vs20%, P<0.01, ZFA4RIT

¥E . (B) S HABEE, n=6, LMWFAE K%, 0vs10%, P<0.05, ZRESHITEEXL,
0vs20%, P<0.01, ZREZHT%EN, 10%vs20%, P<0.01, ZRESiH¥E .

Figure 2. Statistical chart of average pore size and porosity of scaffolds with different short fiber contents
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3.3. NESEEAE RN ME ERREER

SR I A A 4 S B0 AR = Ak S BRI 1S R B g — AR 2 43 4 B e A R R 4
FIFPRE AL n = 3 A PATRERIIMEIE NI A SR . Gt 4 R EaR(E 3), & 20% 5 474 (1 3 50 7E S A&
AR A BRI £ K IR (16.66 + 1.11 kPa) MR AFE (2229 + 223.13 kPa), MR IR BIJE 41 4E
(B NI T BT A MRl R4iteRe, BB AR, X P sR 0 ORI . X
HUBAE: BE FOBE 50 A R T 3R 4, BRI T Ja 4L8fE, BEESWE AL b G REHER .
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= 20-
o
5 pu— -
] ‘ 4
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& 4o- ——
0 T T T
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i ok
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g
X i
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&
L"Fj ns
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I
_[_
0 T p T
0 10% 20%

E: 0. 10%. 20%73 RN SR B ST . 5 10% 44 30404 . & 20% 58 £F 47 42
Ho GHIRg RS £ EERR. (A) it SRR, n=3, LWER %, 0
vs 10%, P>0.05, ZRESFKIFE N, 0vs20%, P<0.01, ZFREASFKITFENL, 10%vs20%,
P<0.01, ZRAERITEE L. (B) Qi &F4ESiRE, n=3, WS tRR, 0vs10%, P>
0.05, ZRLGH¥m N, 0vs20%, P<001, ZREFKIT¥EN, 10% vs 20%, P <0.001,
ERBF G E .

Figure 3. Statistical chart of tensile modulus and compressive modulus of scaffolds with different short
fiber contents
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3.4. FRISBRETHERFKELLR

T T KB SRR VT A AN [F) R 2T 4R S RS AR RISR K . TEE 4 R, TEAKIE S SO AR B S 30 s, 4l
IKEER I B 10% 50 2 4 SC AR AN 20% K60 41 4k SR (4 fi /1 43 il /2 93.39 B 83.49 FEAN 59.97 A 1E
IG5 BB I 5 60 s, SRS 28 B 10% 50 4T 4 52 4R 20% 50 £ 4 57 28 fBE i £ 43 il A& 75.16
FE. 73.78 FEAN 41.36 FE. S5 EIR, BEERA4EESEIGM, SRR ICIERE SR, & 20%5 4 4852
R I B U (ISR KM . AESPATRE S SR B IR A 3 . RIAAE SCHE R Rl N 20 4, A J 27 4 /7K
B ASCER I RAFISE K, TS TS A B 3558 DUSE 0T 7 WA S5 A AT N

A | s ]

—r s D e
2
— .

e (A) SlKEER SCRIE 5K RS 30 s TR KB AIE . (B) 4Ai/KER S
IR AL 60 s TEAS LA fMAMIEL . (C) & 10% M EFE S 2 5K HA S 30 s A
LA (D) & 10%R2F 4SO RAE SRS 60 s R L% mEZ. (B)
B 20% R 2T YR SCIRAE 5K S 30 s TR KA M. (F) 5 20%% 21 4k SC0RHE
EKR AL 60 s LA L fi L .

Figure 4. Morphology images and contact angles of scaffolds with different short fiber con-
tents at 30 s and 60 s after water droplet contact

B 4. REHELF4 S8 % 207 SACHIERE 30 s FIE 60 s AR E RIEh AR
4. THe

SRR N B Y —, SAEBGIE LE NGRS S . R RIS R G, L
Jo A3 R PERAE . K AR A S R [19], TR AR AU RN R R R ) FRIR B R

S IR AE RIBE[20] [21]. KBS kﬁ1F% EEEDRBEAREE. O BRI RE
S5 ARH VAL S P B 1 B kS H AU AU I A, BRI B AR R Sk R ek
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SRR SERR A, A OKFARG T AR R A AR o A BT AU I 2 5 20 S A AR R A 23 28 10 7 I R
TNV PR R R AR S B AW, s sR sel TR B B AR
TE[22], ABAIAFAETAE I S e e AU, SR Z vl ATk AU T REHACK ] — Mo i) <8 B AR 05 3%,
RAGEPE TS MAEDEEFRARN TR E . EFVEHZDPCEIAE, SRR DR R UEE
W TR T 1 BAT S AR HUMOR L (1 B s 2 BB AE X)L 2R Z M — M R 2 6 hL
Al J5E LAZERF TR L BAT R 5 2 T ISR

AW TR IR E FR IR, RS K @ 5K ms, K ChSMA/PEGNB J't [l A6 /K Bt i 5
PLGA/GelMA FA#EE &, il TIRRE GO, 45 RRW], 5 PaUKESAMEL, FEF4E/K BRI
BXRBEAEES:. B fLREH, B 5IBE, CURBEARRAR . 48 702k 58 A& i i
MVE . UL LT 4R A S AN EGE T SCBR M RORIh AN i, thREALAE 1 R T 24T AR T 5T
Rk

MRS, AT BT KB I 28, RTEJEAZIR 74 R SR il e v R i 2 A (il P2 e 4
AR FRERRE, IR m LA A e B . BRIy — 1k, [Ny, JEEF4ERIAAAE A B T8 B AR R A
B0, LK I IERE S AL R, SR 2RI R LR SR AR 10 22 FL A5 o XA SRR AT
AT AL SR ERIERS, FRRE AR E IRV R B s

B3R ERE R 5 5 F O SR AL B DR G . AR BRI E AR UR S W B B IR GE 5 45
t, 5270 5 LR BUR M AR N S rh, DIV ERE IR IMANREET4E )5, SCRUR R “ kA -
NG ORAH " AR R, A AT KB N 2% A6 33 28 R 2T 4, LT 4R MRk . AR A SR AT T 0 AH A
M5 BEARGUARTERE . BEE LT AE S SN, TR AR A% 3 I 25 OB, DA e o (o A
AR E I R TRE .

FLLT AR SR K (S I S MO R S A OC . — 7T, FELF4ES|I NI 1 SRR I RHURE FE AN
TENEIR, R TE S U AL M LT e R SR e « 238 51— T7 I, GelMA Ry i A B 2R K Pk [,
FLETHES N G iR R BIEM B R T BOL R Z I B . RIS, SERESLI) FLER W 43 i i B 404
e R I N BN, R SR & SO AR I SR A 42 Ak Ay A SE 4 R, S TR P . BN R
S FERABIRE S

AW FAAAAE 5 RIR M. E5E, AW SR AT VAN AN 2o, Bk Z WS L
BNAR SRR S 5 KRR TUVEE IS B b o HOATIESS 32 245 B AE R R B PR RE 2
T, FEZ R GRS E AR A AN AE YR TESAIE, MR BE 7S A DU R Bl B AR RO IR, RITR
RATABTTL, RS VPO SO R IR A B R AL VB A L HUIR MG JUR SN KR A5 4E 7 g

ARRFERANRIBE T “RRAL - £V 2 IR - S50 T 2% - R NEeAL” B RRRTT . 35—, #E—
DAL KL BAR SR L EUE, G, WIKSESCRIMIGEE S 82, REITRKE
M BT AR AR AN ST, VA FL AR RS MY . ST . RIMGE R R BRI RE ) B, EBLAK
IR LI LR AFUER RIE R, S RO R, N RIREY
FsB AR N BT, RGP ILATRE S AEEGIE LE FHERCR, i R A 5252 2 i

ZR L, FAUEKBUR R SR VE R SOAGE A OR 2 ALEAE K, SEBL 1 72 e S R i
FrPFSET, WAL TR RS B SRR BT R AL 18 AR A e A0 0 A A s JEL i

SE
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