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Abstract

BACKGROUND: In the field of tissue engineering, decellularized scaffolds are widely used owing to their biocompatibility. Nonetheless, these scaffolds
frequently encounter the limitation of inadequate cell infiltration due to their densely structured composition. Using laser micro-patterning technology for
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structural modification can improve cell adhesion and proliferation.
OBJECTIVE: To summarize the research progress of laser microporous decellularized scaffolds in tissue regeneration.

METHODS: Related literature was searched in PubMed and CNKI databases. The Chinese and English search terms were “decellularized scaffold, laser micro-
patterning technology, laser microporous decellularized scaffold, extracellular matrix, laser drilling, tissue regeneration.” References were screened according
to inclusion and exclusion criteria, and 65 articles were finally included for analysis and discussion.
RESULTS AND CONCLUSION: (1) Laser micro-patterning technology can selectively remove tissues to achieve scaffold modification. Laser treatment can have
controllable effects on the pore structure, mechanical properties and cell permeability of the scaffold. (2) To obtain the optimal cell integration and remodeling
effect, factors such as scaffold pretreatment, laser and decellularization process sequence, laser parameter setting, decellularization process and pore structure
should be considered. (3) At present, the application of laser microporous decellularized scaffolds has shown that it can promote tissue repair, and it is also
necessary to solve the problem of tissue thermal damage. Depending on the absorption of different wavelengths of laser light by the tissue, a reasonable
selection of laser type is a feasible solution. (4) Tissue damage repair by laser microporous decellularized scaffold is expected to achieve clinical transformation,

and optimizing laser technology and carrying out larger scale biosafety testing are future research directions.

Key words: decellularized scaffold; laser micro-patterning technology; extracellular matrix; laser drilling; tissue injury; recellularization; tissue regeneration;
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i, VERAEH, JFEaTARIEZE 4R 64 ARG
B, ERYAG R KK A 2.94 um, i
KAE 3.0 um & F R BPIE, AT R ARG
s, TR A,
235 hE hFHREFRERS KERH
AR, EIIKGMEEET EHRTIE,
3t A KA B B E K O, f AR,
F7ik (VRT) i, BEFBEL LR
SR SRR AN G ARG . Rm, AF
% B AR g @ﬁﬁﬁ%%%h@ﬁ&m&
RRA R A, mF AR TRERKE
SOAR AL Ay B Y B k‘kbxﬁigfﬁéﬁ/kj]&
72 10251 KASYANOV 4 7 sk ) gt R4 R
VAR ) N R e - S DR
Je N FAZEIE T B X R Ehn T A 425 50,
100 #= 200 um #9430, HF4EE % ALR
(GFP) 4792 64 4m I, & i 12 AL ¥T IR0 i
PR B KB , AT B S R, AR
HERIT LRGF@MIOAL, W T A%
LA 2k F % E 097 /i, BERGMEISTER
% PR A kA HOETE LT B gm e A
A, SR EAANF RS, 6 BT %
e ik B amfofl, ot TR 4n Ak
JREF LR AL, S5 AEF LS

9 iir—lt’b
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g ik

# 3T MMASEATIVEL, 6 it E F LA
AN, BARAFILGATAAEL, ZFEAD
BRI A BT AT T LR, KX
egE R A, BORF LT ARA AR E
WAt T B 55 T mle E R E
#, 2R, BARG KIS AR FHE,
KRR A LA R T o0 ot R A2 2. AR
P84 S IR VA BE S B A SR B 6 < T
AT B BARE
236 A b THBAREERTHEFR
MR R 3R F AR S5 B8 B A
R—AEAIK. BAT, LBBHEIER
H B AR Rk A% AR A L 2 L E R AR S (45
4o INTEGRA®)™, 34 4% & k2.1 6] @ 4 A4
JRE, CHAI S " g besish T, #14&
T —F v g BB 4 L B R AL AR G A
R, IR B A R
BB A Y TR @A S, R
AR, AR R AT . R IR
KA AT R . R o s
Ja AR R A EF I, AR AN,
e T BB T AN IR 9 B R Am
4L ), ZHANG F Y ag s R, AR
WA E FAR T A5 3B S 4 i 4 R 1T
R BAG Bk A AR A B IUE am L AR AR
K TFAEN FIJEA B B 04 f i3 A o o 4
RhA-, ALK IEmIRIZIE . Z I e
BRI BA AR R,
BEARE . iR TFE IR SR,
A ERA BB e E R,

3t F AR AL RS, LR BF X
REAMMOER, EAESRFAUL
FHERSWHPEM I F X, R THHA
% U &, A S T BN ARG
Bob, RAMAI LB G A SR,
B b RgOL B R — ik, RE Ll
20T TR R A 0L FE B A B LA 7.

3 BZEEREEE Summaryand prospects
3.1 BREMAEZASARISIERIEE
WA AAZIEABEEFHLRER
B, R REREMERE—I L#EE
TR0, (2L EMBER R IK M
fSEH, LE—FRE EYmT ARG
mieE ., AR HRT T HAMIL
TRt i X R Bk AT LR YFh, A
Mk bR FIRRARAE T B8k, AL A AT
IBRAE T B R el X R A QAR & AR
B RiBHrRE, EAHMBRETETH
WA St il i, A AT ey bikdy
Al R B A, H b, BT RERORARK,
Yot sh & R EEAE LR, Tek
A HIE B I AR, SIMILLE
Y4 & BT A

R dodh,, OB B AR B
BB R P ABE e % Bk, b Z g #
PO TERSFBIRBA G RM, Hlmied
XE AL, Bk, RBORREEEIK
HHmEXEE, RN, BATAAAKRS A
T RN, FTAFFHEER
BREWHAL, KM FRAEER Y #4T,
B s e XA Sh AR AL & Bk 14 64 2 e b As AL
BN KRR E i —FIiE.
32 {FEGRRAIFHAMRER X
F G ARSI il 5 B A R
ARG LR AT G280, MR TAA
IHREA AT REHE: Bk, EEMEK
W @A A Gt Sk, AR
T Mot B fa e AR R 69 B e A BOSOR
WAL X RAETF R AR B A T oy i
WL, TALemET T A BT B 4
JOXRILIE M. A FHRaEE mIEE
#oh, EBRESWHT TE AT L RTL
. LRSS, PR ALLL. B
AL EAE. LR ARBE TR T

RS ALVN

A AR

) Er:YAG(2.94 um)
wa /
‘ - CO, ¥ (10.6 um)
4R4R
YN

/ B

KRR, BORR, Hdidh

k=4
S Ot (488.0 nm,  514.5 nm) B Rt
7 | FERRAMB LT T RA LB AEERTFS
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o, AR R BB R xR A
HEBFRBET B LA, ANKKTH
BBTIEE R MMM a0 X 2R 43T
BAREE, AEHRERIGFADE
Fo KR, RE, EXFERG @, &
Bl T IA S ak F ABF 5 i L 50930
AR, ZINAH—B ARG IRE, HARRAR
AR A A0 FBARBT LA 2%
A EHIEF.

3.3 ZEANERME OAEXLFiTkT
HAMBEARGLH S, (2R3
ARG T TN, 2 KA
& AR 69 L H; O THOLmB K
ARABL i 35 R 6 KRR A AL
M, B AT GRS R AR AR OR A 0 R,
FERIIRIZA A AT E.

3.4 ZGERNBERN @ietigs T4
NFZHERTR, LEURZ WSS
P&k, R T BRI AL g 2
RADRFBA )BT H AT 4k
O AAL 22 4 5 m e, 3B ST VA & B8 ) 3L
TR M, T AL TR ) 5 s e G At
AAFHENTTRT, HEmIeiEsba L
RN IFTE AT, R ik fm A —F A
e N, Qo T EAY T LT kAR
Wbk &, ABA AR a0 A% Bt ik B o1
AR R B ARG X, FRE—T A
#,

3.5 IRAERANRRIERN MAHLR
IARFARFH AR R B HA
HSLAT, MM E AR B0 X R F o
LR ¥AFE S —F . Rk, BARD
LA IR 09 AR RS B R T AL e
AR, AE#—FHamRESR LR
B & 6Bt 1], R o AL e X R
RSk ERIE AT, (28 37
e % AR, deBlmie R ey A4
bk, SR ARG e S TR HE R R R
PRI 4 JEAY 49 o i b BB 20ME 5 19) R
READEZ RS EBRR . S FR B
KRB HATIRE 5, X ARIELS
5B IR T A T AR, &
VST ' X S AR ) YA
ARATIBAT | e K AT R .

Bugt: RS ERMHEEEAR R
FRE IR EBRTAREITNIETE L.
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YEZTIRK: B X 5 57 8 A B AR
Kkt & B XIRE; R LA & R ST X
FHRATR, KEFE R T LFRALS.

FEEARZR: LFegoed 9, A4
R AL FIRE AT A ER AR,

FERREUERR: X2 — BT ARRLE,
AIE (iR EF T “FL - FRHkE
R - AR 7 Rk F 4.0 F3k, AEGEIIAHY
BT, AFRALET LS E AT RIA
Bt R, R AT R PO
TH. BN, A, TP, k. BARMEEE
XK, FAHZET R, ARSI
RALC AT %A,

RRAREEIL : S R AT AR & 5 4 43
BE T ILFRAEE L,

HARMSE: XFNEE LG HEXLE
HF T (RARGEEFRESARENLY (PRISMA
Foh ). XF BRI LT E bR B 5 Lk
RGitiT3 kEE. XFLIRTINFERRE
ST, FATIRBUAA X FFOHFILBZEE.

4 &EHE References

[1]  RAHMATI M, MILLS DK, URBANSKA AM,
et al. Electrospinning for tissue engineering
applications. Progress Mater Sci. 2021;117:
100721.

[2] GUO L, LIANG Z, YANG L, et al. The role of
natural polymers in bone tissue engineering.
J Control Release. 2021;338:571-582.

[3] LI Q, CHANG B, DONG H, et al. Functional
microspheres for tissue regeneration. Bioact
Mater. 2023;25:485-499.

(4] GONG M, SUN J, LIU G, et al. Graphene
oxide-modified 3D acellular cartilage
extracellular matrix scaffold for cartilage
regeneration. Mater Sci Eng C Mater Biol
Appl. 2021:119:111603.

[5]  ZHANG X, CHEN X, HONG H, et al.
Decellularized extracellular matrix scaffolds:
Recent trends and emerging strategies in
tissue engineering. Bioact Mater. 2022;10:
15-31.

[6] MOUSAVI MS, AMOABEDINY G, MAHFOUZI
SH, et al. Enhanced articular cartilage
decellularization using a novel perfusion-
based bioreactor method. J Mech Behav
Biomed Mater. 2021:119:104511.

[7]1  COLLINS MN, REN G, YOUNG K, et al.
Scaffold Fabrication Technologies and
Structure/Function Properties in Bone
Tissue Engineering. Adv Funct Mater. 2021;
31(21):20106009.

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

BROWN M, LI J, MORAES C, et al.
Decellularized extracellular matrix: New
promising and challenging biomaterials for
regenerative medicine. Biomaterials. 2022;
289:121786.

BILODEAU C, SHOJAIE S, GOLTSIS O, et al.
TP63 basal cells are indispensable during
endoderm differentiation into proximal
airway cells on acellular lung scaffolds. NPJ
Regen Med. 2021;6(1):12.

TALLAPANENI V, KALAIVANI C, PAMU D,

et al. Acellular Scaffolds as Innovative
Biomaterial Platforms for the Management
of Diabetic Wounds. Tissue Eng Regen Med.
2021;18(5):713-734.

GOLEBIOWSKA AA, INTRAVAIA JT, SATHE
VM, et al. Decellularized extracellular matrix
biomaterials for regenerative therapies:
Advances, challenges and clinical prospects.
Bioact Mater. 2024;32:98-123.

MAHARA A, KOJIMA K, YAMAMOTO M,

et al. Accelerated tissue regeneration

in decellularized vascular grafts with a
patterned pore structure. J Mater Chem B.
2022;10(14):2544-2550.

MENG H, LIU X, LIU R, et al. Decellularized
laser micro-patterned osteochondral
implants exhibit zonal recellularization and
self-fixing for osteochondral regeneration

in a goat model. J Orthop Translat. 2024:46:
18-32.

ZHANG Y, FENG G, XU G, et al.
Microporous acellular extracellular matrix
combined with adipose-derived stem

cell sheets as a promising tissue patch
promoting articular cartilage regeneration
and interface integration. Cytotherapy.
2019;21(8):856-869.

DASKALOVA A, ANGELOVA UJI. Ultra-short
laser patterning of silk fibroin thin films—

a potential scaffold platform in tissue
engineering applications. Industry 4.0.
2022;7(1):14-17.

NURNBERGER S, SCHNEIDER C, KEIBL C,

et al. Repopulation of decellularised
articular cartilage by laser-based matrix
engraving. EBioMedicine. 2021;64:103196.
MOON HI, KIM S, BYUN JE, et al. Facile and
rapid fabrication of wearable biosensors

via femtosecond laser-directed micro-
patterning with large-sized reduced
graphene oxide for physiological monitoring.

Chem Eng J. 2024;479:147819.

(18]

(19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

NASIM H, JAMILY. Diode lasers: From
laboratory to industry. Optics Laser Technol.
2014;56:211-222.

B, KIEE, B, & WOGTEERY:
LR AN PR 7 A R 0], o o R e
45 ,2006,10(17):152-154.

GOLDMAN L, BLANEY DJ, KINDEL DJ, et al.
Pathology of the effect of the laser beam on
the skin. Nature. 1963:197:912-914.

JAKO GJ. Laser surgery of the vocal cords

an experimental study with carbon dioxide
lasers on dogs. Laryngoscope. 1972;82(12):
2204-2216.

NATH G, GORISCH W, KIEFHABER PJE. First
laser endoscopy via a fiberoptic transmission
system. Endoscopy. 1973;5(4):208-213.
BRI, e . WOGER 0 R AR B IR U7 1%
B D] h E OGR4 & ,2017,26(4):
221-224.

e, IR . WOG I BUE AR R IE
B ). R B 5% & ,1987(6):463-465.
A . BOGIE 2 ], )3 ,2010,39(8):
515-521.

KHALKHAL E, REZAEI-TAVIRANI M, ZALI MR,
et al. The Evaluation of Laser Application in
Surgery: A Review Article. J Lasers Med Sci.
2019;10(Supp! 1):5104-5111.

STEINER R. Laser-Tissue Interactions//
RAULIN C, KARSAI S. Laser and IPL
Technology in Dermatology and Aesthetic
Medicine. Berlin, Heidelberg; Springer
Berlin Heidelberg. 2011:23-36.
LECARPENTIER GL, MOTAMEDI M,
MCMATH LP, et al. Continuous wave laser
ablation of tissue: analysis of thermal and
mechanical events. IEEE Trans Biomed Eng.
1993;40(2):188-200.

LIY, XUY, LIU Y, et al. Decellularized
cartilage matrix scaffolds with laser-
machined micropores for cartilage
regeneration and articular cartilage
repair. Mater Sci Eng C Mater Biol Appl.
2019;105:110139.

ZHANG Y, XU Y, LIU Y, et al. Porous
decellularized trachea scaffold prepared by
a laser micropore technique. J Mech Behav
Biomed Mater. 2019;90:96-103.

JURAN CM, DOLWICK MF, MCFETRIDGE
PS. Engineered Microporosity: Enhancing
the Early Regenerative Potential of
Decellularized Temporomandibular Joint
Discs. Tissue Eng Part A. 2015;21(3-4):
829-839.

Chinese Journal of Tissue Engineering Research | Vol 30 | No.2 | January 2026 | 505



(O

PEERTIZHR

www.CITER.com Chinese Journal of Tissue Engineering Research

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

MURPHY CM, HAUGHG, O’BRIEN FJ. The
effect of mean pore size on cell attachment,
proliferation and migration in collagen—
glycosaminoglycan scaffolds for bone tissue
engineering. Biomaterials. 2010;31(3):
461-466.

LAKES EH, MATUSKA AM, MCFETRIDGE

PS, et al. Mechanical Integrity of a
Decellularized and Laser Drilled Medial
Meniscus. J Biomech Eng. 2016;138(3):
4032381.

XUY, LID, YIN Z, et al. Tissue-engineered
trachea regeneration using decellularized
trachea matrix treated with laser micropore
technique. Acta Biomater. 2017;58:113-121.
MATUSKA AM, MCFETRIDGE PS. Laser
micro-ablation of fibrocartilage tissue:
Effects of tissue processing on porosity
modification and mechanics. J Biomed
Mater Res B Appl Biomater. 2018;106(5):
1858-1868.

GOLDBERG-BOCKHORN E, SCHWARZS,
SUBEDI R, et al. Laser surface modification
of decellularized extracellular cartilage
matrix for cartilage tissue engineering.
Lasers Med Sci. 2018;33(2):375-384.
BARANOVSKII D, DEMNER J, NURNBERGER S,
et al. Engineering of Tracheal Grafts Based
on Recellularization of Laser-Engraved
Human Airway Cartilage Substrates.
Cartilage. 2022;13(1):19476035221075951.
BERGMEISTER H, BOECK P, KASIMIR MT,

et al. Effect of laser perforation on the
remodeling of acellular matrix grafts . J
Biomed Mater Res B Appl Biomater. 2005;
74B(1):495-503.

KASYANOV VA, HODDE J, HILES MC, et al.
Rapid biofabrication of tubular tissue
constructs by centrifugal casting in a
decellularized natural scaffold with laser-
machined micropores. J Mater Sci Mater
Med. 2009;20(1):329-337.

CHAIJK, LIANG LM, YANG HM, et al.
Preparation of laser micropore porcine
acellular dermal matrix for skin graft: An
experimental study. Burns. 2007;33(6):
719-725.

ZHANG Y, ZENG Y, XIN G, et al. Biological
function evaluation and effects of laser
micro-pore burn-denatured acellular dermal
matrix. Burns. 2018;44(2):350-358.
LAVERNIA L, BROWN WE, WONG BJF, et al.
Toward tissue-engineering of nasal
cartilages. Acta Biomater. 2019;88:42-56.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

BROWN WE, LAVERNIA L, BIELAJEW BJ,

et al. Human nasal cartilage: Functional
properties and structure-function
relationships for the development of tissue
engineering design criteria. Acta Biomater.
2023;168:113-124.

FARAHANI PK. Application of Tissue
Engineering and Biomaterials in Nose
Surgery. JPRAS Open. 2024;40:262-272.
GEMINI L, AL-BOURGOL S, MACHINET G,

et al. Ablation of Bone Tissue by Femtosecond
Laser: A Path to High-Resolution Bone Surgery.
Materials. 2021;14(9):2429.

MOSHIRFAR M, MEGERDICHIAN A, WEST
WSB, et al. Comparison of Visual Outcome
After Hyperopic LASIK Using a Wavefront-
Optimized Platform Versus Other Excimer
Lasers in the Past Two Decades. Ophthalmol
Ther. 2021;10(3):547-563.

JABBOUR S, BOWER KS. Refractive Surgery
inthe USin 2021. JAMA. 2021;326(1):77-78.
TIAN K, XIANG M, WEN X, et al. Tissue
Ablation with Multi-Millimeter Depth

and Cellular-Scale Collateral Damage by a
Femtosecond Mid-Infrared Laser Tuned to
the Amide-I Vibration. Laser Photonics Rev.
2024;18(2):2300421.

LU K, MAF, YI D, et al. Molecular signaling
in temporomandibular joint osteoarthritis. J
Orthop Translat. 2022;32:21-27.

WHYTE A, BOEDDINGHAUS R, BARTLEY A,
et al. Imaging of the temporomandibular
joint. Clin Radiol. 2021;76(1):76.e21-76.€35.
RAVINDRA A, DANGELO W, ZHANG L, et al.
Human Bronchial Epithelial Cell Growth on
Homologous Versus Heterologous Tissue
Extracellular Matrix. J Surg Res. 2021;263:
215-223.

HUO Y, XU Y, WU X, et al. Functional Trachea
Reconstruction Using 3D-Bioprinted
Native-Like Tissue Architecture Based on
Designable Tissue-Specific Bioinks. Adv Sci.
2022;9(29):2202181.

ZHANG B, SUNF, LU Y, et al. A novel
decellularized trachea preparation method
for the rapid construction of a functional
tissue engineered trachea to repair tracheal
defects. ) Mater Chem B. 2022;10(25):
4810-4822.

XUY, LY, LIUY, et al. Surface modification of
decellularized trachea matrix with collagen
and laser micropore technique to promote
cartilage regeneration. Am J Transl| Res.
2019; 11(9):5390-5403.

506 | PELERTEHAR | 5530% | 5528 | 2026518

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

DHASMANA A, SINGH A, RAWALSS.
Biomedical grafts for tracheal tissue
repairing and regeneration “Tracheal tissue
engineering: an overview”. Tissue Eng
Regen Med. 2020;14(5):653-672.

JIANG S, TIAN G, YANG Z, et al.
Enhancement of acellular cartilage matrix
scaffold by Wharton’s jelly mesenchymal
stem cell-derived exosomes to promote
osteochondral regeneration. Bioact Mater.
2021;6(9):2711-2728.

ZHANG JY, XIANG XN, YU X, et al.
Mechanisms and applications of the
regenerative capacity of platelets-based
therapy in knee osteoarthritis. Biomed
Pharmacother. 2024:178:117226.

JIAL, ZHANG P, Cl Z, et al. Acellular
cartilage matrix biomimetic scaffold with
immediate enrichment of autologous

bone marrow mononuclear cells to repair
articular cartilage defects. Mater Today Bio.
2022:15:100310.

XIS, aLE, AhvE N, &5 BOEREL
A 0 R SR B ) S RALE D). o
[E 423 TREHT 7T ,2018,22(18):2836-2842.
FORD TJ, ONG P, SECHTEM U, et al.
Assessment of Vascular Dysfunction in
Patients Without Obstructive Coronary
Artery Disease. JACC Cardiovasc Interv.
2020;13(16):1847-1864.

ILANLOU S, KHAKBIZ M, AMOABEDINY

G, et al. Preclinical studies of acellular
extracellular matrices as small-caliber
vascular grafts. Tissue Cell. 2019;60:25-32.
WANG X, CHAN V, CORRIDON PR.
Decellularized blood vessel development:
Current state-of-the-art and future
directions. Front Bioeng Biotechnol. 2022;
10:951644.

WANG X, CHAN V, CORRIDON PR. Acellular
Tissue-Engineered Vascular Grafts from
Polymers: Methods, Achievements,
Characterization, and Challenges. Polymers.
2022;14(22):4825.

BOCK N, PHAM LB, NGUYEN TB, et al.
Polydopamine coating of uncrosslinked
chitosan as an acellular scaffold for full
thickness skin grafts. Carbohydr Polym.
2020;245:116524.

YU G, YEL, TAN W, et al. A novel dermal
matrix generated from burned skin as a
promising substitute for deep-degree burns
therapy. Mol Med Rep. 2016;13(3):2570-2582.

(TiiEamiE: TKhE, oh, FHEX)



