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Abstract: Cardiovascular disease is the leading cause of death worldwide, with myocardial infarction (MI) being a
serious threat to human health and life. Current pharmacological and surgical interventions primarily serve as
palliative measures, failing to address the root cause of cardiomyocyte death post-MI. Recent advances in regenerative
biomedical materials, however, offer promising solutions. Inorganic bioactive materials, capable of interacting with
cells and tissues to activate cellular responses and modulate tissue regeneration, have garnered significant attention in
regenerative medicine and tissue engineering. Silicate-based biomaterials (€.g., bioceramics, bioactive glasses),
carbon-based nanomaterials, and metal oxides exhibit remarkable potential in promoting myocardial repair and

regeneration. This review highlights the latest progress in inorganic bioactive materials for myocardial regeneration
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and repair, elucidates their material categories and mechanisms of action, and discusses current challenges in clinical

translation, while providing insights into future research directions.
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biomaterial; review
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Tablel Mechanisms of inorganic bioactive compositesin regulating myocardial regener ation!?-34
Composite material Main composition Biological mechanism Ref.
Endowing hydrogels with superior mechanical performance and
conductivity, thus providing a favorable environment for normal
Composite Cellulose nanofibrils, sulfonated intercellular communication of myocardial tissue; 7
scaffold carbon nanotubes (SCNTs) Inducing more expression of connexin 43 (Cx-43) protein around (271
the cell nucleus and promoting proliferation and maturity of
myocardial cells
Composite . Increasing Cx-43 content and improving conduction velocity and
scaffold Au, CO, chitosan (CS) contractility of the infarct area (28]
Composite Poly-L-lactic acid, Improving cell adhesion to microspheres; "
microsphere hydroxyapatite (HAP) Inhibiting inflammation and promoting angiogenesis (29]
Inhibiting M1-type polarization of macrophages and production of
. . pro-inflammatory factors;
Composite Mesoporous silica, . .
hydrogel puerarin, CS Promoting formation of tubular network structure of human [30]
’ umbilical vein endothelial cells (HUVECS) in vitro by its released
silicon ions
Composite Methacrylated gelatin (GelMA), Inducing orientation of cardiomyocytes and facilitating their 31
hydrogel carbon nanotubes (CNTs) synchronous activity by favorable electrical conductivity (31]
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Physicochemical characterization of GO-Au/CS composite scaffolds

[28]

(a-d) SEM images of (a) CS, (b) CS/0.1% GO-Au, (c) CS/0.25% GO-Au, and (d) CS/0.5% GO-Au (scale bar is 500 pm);
(e) XRD patterns and (f) FT-IR spectra of composite scaffolds at different concentrations
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(a) Schematic of treatment with SiO,-Fe;O4 composite microspheres;
(b) Schematic synthesis of composite microspheres
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Fig. 3 Overall effects and mechanism of ion therapy on MI treatmen

{39

(a) Mechanism of ion therapy; (b) Effect of silicon-enriched ion extract on the expression of gap junction associated
Cx-43 in NRCMs under glucose/oxygen deprived conditions in vitro; (c) Effect of silicon-enriched ion extract on VEGF-mediated
angiogenesis of NRCMs and HUVECsS co-cultures under glucose/oxygen deprived conditions in vitro; (d) Effect of ion therapy on
cardiac apoptosis in vivo post-MI. NRCMs: neonatal rat cardiomyocytes; VEGF: vascular endothelial growth factor
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Fig. 4 Component of the PSi NP and its therapeutic effect on MI

[44]

(a) Schematic components of the PSi NP and overview of studies conducted in vitro and in vivo; (b) Single-photon emission computed
tomography (SPECT/CT) image quantification of the standardized uptake values in the rat heart at different time after intravenous (i.v.)
administration of NPs; (¢) SPECT/CT images showing the biodistribution of the nanoparticles at 10 min after i.v. administration; (d) H&E
stainings and autoradiograms of apical, basal, and medial rat heart sections; (e) Autoradiographic quantification of radioactivity in the
endocardium (Endo) and epicardium (Epi) for Un-P-D-ANP and Un-P-D NPs; (f) Autoradiographic quantification of radioactivity in the
Endo and Epi regions of the heart in the apical, medial, and basal sections in isoprenaline-induced MI and normal rat groups; (g) TEM image
of Un-P-D-ANP NPs in the NP Endo region of a heart section; (h) Elemental composition of the selected area by EDX analysis showing
the presence of the Si element. PSi, NP, Un-P-D-ANP, and Un-P-D denote porous silicon, nanoparticle, undecylenic acid-porous
silicon-atrial natriuretic peptide, and undecylenic acid-porous silicon, respectively
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Table2 Mechanisms of inorganic bioactive nanoparticle materialsin regulating myocar dial regener ationf? 44

Nanocarrier Loading Biological mechanism Ref.
Inhibiting inflammatory response by inhibiting polarization of M1 macrophage within
MSN miRNA infarcted myocardium, delivering microRNA-21-5p to endothelial cells, and markedly [26]

promoting local neovascularization and rescuing at-risk cardiomyocytes

Effectively inhibiting cell apoptosis and oxidative stress, reducing myocardial infarction
MSN Quercetin  size, improving ventricular remodeling and cardiac function-related biochemical indexes, [43]
and promoting recovery of cardiac blood flow

Porous silicon

Improving colloidal stability, enhancing cellular interactions with cardiomyocytes and

(PSi) ANP nonmyocytes, and attenuating hypertrophic signaling in the endocardium [44]
PSi Wnt3a Prolonging Wnt3a release, and increasing antioxidative stress activity in labeled 45
protein mesenchymal stem cells, highly beneficial for cell protection in stem cell therapy for MI [45]
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(1) EPC 73 5 2 3 3 ik b mr DL s R 40 i A i 2
F, 3E T O O I T RE

AR GOKR R bR B A Z5W) ik D Resb, B
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B ZN A HUBRITE G R0 & . 5 ARIBIT IO
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LIR35S D Re 2 BAEH .
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Table3 Mechanisms of several common metal oxidesin regulating myocardial regener ation(®2>7

Metal oxide Composition/modification

Biological mechanism Ref.

F3203 F3203@DMSA NPs
MSCs/coated with

Protecting myocardium from ischemia injury in vivo and inhibiting calcium influx [52]

SPION polyethylene glycol Improving heart function and myocardial hypertrophy and reducing fibrosis [53]
Polycaprolactone, Stimulating maturation, featuring superior sarcomeric structures, improving calcium
F 6304 . . . . . . [54]
polyvinylidene fluoride  transients, and upregulating maturation genes
Macrophage-derived Dissipating interstitial edema, triggering prominent angiogenesis, and finally
CeO, . . . . . g . [55]
extracellular vesicles, Pd improving cardiac function and ventricular remodeling
Modulating apoptosis-related markers (caspase-3 and p53), upregulating antiapoptotic
MgO MgO NPs (Bcl-2) and antioxidant (SOD) markers [56]
ZnO — Formation of reactive oxygen species, especially hydrogen peroxid [57]
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Meli-based EHD Printing ~ Solution-t based EHD Printing
PCL fibers: ~12 um PVDF fibers: ~2 um

&R

5 PCL/Fe;04/PVDF & 4 [ HLCWURM i 5 A S245 0o U LAR O HELAS 54 3R ABE o UL P A5
Fig. 5 PCL/Fe;04/PVDF composite piezoelectric myocardial patch promoting myocardial

regeneration by rebuilding electrical signaling at the damaged myocardium

[54]

(a) Strategy of engineering cardiac constructs with synergistic mechanical/piezoelectric stimulation; (b) Engineered cardiac
constructs with synergistic mechanical/piezoelectric stimulation preserving left ventricular function after acute MI in vivo

AAAN(CeO,) 2 — PR 5 I TEWLAE M PEAL
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Ce(lI)FI Ce(IV)EMAILAE, nl=A HA HAE M
HIE IR R X, CeO, it Ce(IINAT Ce(IV)ZIA]
AR SRS PR S B, BERS S5 A AT AL A
RAEMEAL SRE, 38 s A AL T b B AR A Bl G AR A )
BT AN I SH A EES) AT A, FRARGE R B A
ROS & &, Sk H e,

Niu Z4 R HGE T CeO, 4K BURLTE O WL FE
AVE YT R R TE RN, AT R B, 38 i bk A
CeO, YK BURL BE A% 1 i) il dfiL 12 4o JUE 05 /) BRUZC /00 6
hRERanG I EE ¥, PR AR WL JORE A 28 I F i %
&Ko ZHFRRINEM T CeO, 9K BURL fit 5 1T 1L
H 5 (0 8 A T ek 0 LR A 238, AT o
LA J8RE B« Zhao 251N i B 452 v o UL I 7
FEE(UR) I K BRIEST CeOy 9K MR, UESE T
CeO, K BURL ] A d OWL UR IRGRERE, 3%
BEAE CMs T FR %, A 2R KR CMs.

Li 50O 7 5T 4 Mo AT AR 0 40 i 41 3
JE(MEVs) Fl 35 2% 48 3 J2 1) S8 A6 Bl (Pd@CeO) 17 A2
YK % R G(PAd@Ce0,-M), H EAH R IF 1A YHH
PMEL H L A AE RN R £ 2 U BE A B
T-Hike 11, BB BOER ROS, MR IE IR 4545 . H
H Pd@CeO, e &M B KA B THE, F5
Ce(IID)/Ce(IV) Ll F =1+ Prea e e t, adhimie
=iE bR ROS f8 17 A TiE &I Pd@CeO,-M AT i
WOE PRK (R LS 3-8 )/ Ake(EE ¥ B BEFRAL)
ERepiilc S S P nA R P i S U Ee =141 A
REr b KEF R 71 M2 BIRRAL, RIEH B4
AT AP R DRE . LI 45 R BIR, 4 Pd@Ce0,-M i

J7JE, UR $Ah /N UE BR 1 18K i I B2 055 17K
M, RANEE T OEIhEEf = E,
213 Hfts4kw

H W 7T 2 Y001 s ULARBE J P Y R it 2 AT
B N FE BE IR ROR TE R, o A2 O S E Y, B
FETE X 38050 A ML T e 2 — Aot AN AR 38 o0 B 2L
MR IC R, BB PR ARG R . R, 3
SR R AR R BB R AR 2 B S vE . Cu TR S & R
B A KR A EAEH, $Em s W R A K1
FEAR T I AR R B B S RTIE 1 R 5 4 iR B T I
W PELC7), Shabankhah 25U i & CuO 448K Fiki
() B T 6 W) S QAT AR A, — J7 4 s 1 S48
(P4 IR A R G i 5, 59— 7 3R 1 CMs [
EF R T MR A Rt Cu TR YT
O WUREE 2 0o JLF- A8 7 T B A 78 78 B AN E -
HARHATRT CuO LAY EEM B E RN H T
PO WU AR T S ROE D, (EAR BP0 7 1R Ak
I AP I PEXS T96 97 o URE SR B 1 O JUL a5 I
PR REONEAE R EER X, EEHE—0
IRANEF .

FAEEG K BRI (MgO NPs)[K H At if .
BN R (TR PO R A PO 55 )3 PR 52 2
2 xevE, Bt 4h, MgO NPs i B A B8 AL AT
Jeg T fe, DRI 7 B2 7 A3k 2 s Y EOK R. FVE 77
Nisa Z5UPU§i F % B 7 Bk M SR IR B & % T
MgO NPs. %40 KRR A H w88 1 e 45 A0 R
o LA A AN i A BE 7. AT
KIL MgO NPs Tk AT A RO P 55 2 51 2 (10
WEAEYIR S . BR s . O LB AN i i S AL K AR
o BEAk, MgO NPs 18R] LLiJH 5 4 B 938 T-A4H S br &



%8

TR, 5 TCHUVEYIEVER RHE T O LA RORT TRt 879

Y (caspase-3 1 p53). FiAFT4HIEIE T2 (Bel-2) M4
L FI(SODYR &), K EATIIEIRTT I 5 2= 75 5 1
O I T TH B T E I S A

EA AR G K BRI (ZnO NPs)FE 254 FE IR R 71 i
3%, DL U A4 2R TR AR T TR R H R R T
J1. Barui ZECR RO AR ZnO G0KAE, KILZ
PUEKTEA I HoOy ¥ MRS AT (2 3 I 38 A 1, AT
BT MV AN IUE 5 SR I o JUE A A
PR 5 5 B T I A R % . Mohamed 217
B FT 7 ZnO NPs % i 55 25 175 5 10K RO U SR I £R
PAER, KRILHATELHEE ST Bk E 240 Ew
KA, dE e B g O JULRE B K BR ) Bt A8 Ak 3 G AR
NO /74, 3 s .0 U IEDhAE, & W] ZnO
NPs A AR — PG 7B 5 28 51 0O UL 1A 2k 2
Y. 2k BRR, &JEE e iay T L T B A
REFHHTS, HAR 2 S DE 8 S AR & 1Al ¢
AR T G S HARM R E G, i R CMs
o 52 R AR IO UBEAE X I A8 AR 8 A 1 AH 5% 5
FIEESF B E O IE DI RE, ARG ILEAE.
22 WRELEYHE

O JULATE B 38 5 2 R WO JUE 1 IR AR 82, 51
CMs SET-3 HAEBEROR B, MR SAA T H,
I AH R CMs [ (1 HLAE SR 3832 FH, T Bk i % 3% &
R BB, AR A F 35 AL S B R AR R O AL
X Z [ AR A2k, mARIACIEIIGRE R £
2. R, EFESE CMs (8] [ HAS 514 5. 8550
JULZEL 2 R0 248 it [B) £ FELR & 2 VR T D LBEBE . 3% O
WU ARMKE OCENREMEETTEZ — . LAY
POBHR AR I H LGRS AFR e 1
R, RO ASUREA MRS I
# #l £ 5% )% (Graphene, GPE). % b f1 5 I%
(Graphene oxide, GO). i i % 1k f1 28 /i (Reduced

graphene oxide, rGO). k44K (Carbon nanotubes,
CNTs)FIH 44K £F 4 (Carbon nanofibers, CNFs)%%.
T & AR A BE AT 2 O L 2K 772 . FLEETRR
5E, IKSEAEBEIX 38, CMs [8] TS 545 5, Tt
WIHZA R S R AEEE . 3R 4 2 LR WIS oHL A
Vb RE R o LT A= r A0 7 R AR P LER D7
221 WUKRE

CNTs &A1 2 B A v s A R B pL gk
MELZ —, HHRE R G K E R i AR AL
SR TR CNTs B —FifR ik, 25988 iOrl
B R34 16 S5 AR WD IR 2 N () BRAE A R . 2005 4,
Garibaldi %7V VGIE B T HE P 040 fr) B BE TR 9 K 5
WA RIS, JFRA CMs 40 A M. 1t
JaBHE N AR CNTs /95 i PR SR AE O WS 5 4
BT T KB . Sun ZVURESE T N CNTs HIR
JR E B SCZEXO ILE A E FLE . BTN S A
RV FE R B EE CNTs R AR IR ZE B, FFFEFR R
CMs, W%2%| CNTs Aef% Rt CMs e, 34
FE B AH OC B B 3Rk, JEHYG o E A A A AT D RE, R B
i 305 B 1 I A2 AL AR R

Mccauley 2SR F B 9 K 5 £F 4 (CNTH) il %%
FAREEGZ, IR THFOIMNERIRAL . 8
REX; CNTE-C UL AT - #r, & E] CNTE 7]
DL 25 38 9 R PR X FL 3 2, R AU O LY
Hi /& 5 . Ahadian %5176 FJE AR 516 TR (GeIMA)
AKEE I Frd ik UKL HES CNTs, B 4645 206 55 1
CNTs B, 54l GelMA 7Kt F BB L 5 46 [f) CNTs
BERAHLL, W7 23 G 0E 1/ BRI A 10 434k,
I BAESM I RN 73 4 CMs 704k, (it
O o AR, Ren 8B E T 78 1T BN 55 HOBR 4N K
B (SA-CNTs)fELNUEE J7 T I AE N A, 8 7E
SA-CNTs [ #53% KB CMs, FIIBIIH R AR G LT

£ 4 JLHERBEEYFEEMRERE OB EhaERMEI
Table4 Mechanisms of several common carbon-based biomaterialsin regulating myocardial regener ation!*™

Carbon-based

biomaterial Composition Biological mechanism Ref.
Single walled CNTs incorporated into Growth supports for neonatal cardiomyocytes, enhancing
CNTs . . . [74]
collagen substrates cardiomyocyte adhesion and maturation
GelMA-dielectrophoretically aligned . . . L . .
CNTs CNT hydrogels Enhancing the cardiac differentiation of embryoid bodies [75]
CNFs Incorporating CNFs into chitosan Increasing expression of cgrdlac—speglflc genes involved in 76]
muscle contraction and electrical coupling
. . Graphen, with cytocompatibility and proliferation-promoting
GPE Incorporating GPE into poly(glycerol property, endowing it conductive for conduction of electrical [77]
sebacate) . . L
signals between cardiomyocytes and cardiac tissue
GO Incorpora.ltlng_ GO into thiol-modified Promoting transmission of mechanical and electrical signals [78]
hyaluronic acid
rGO Incorporating rGO into alginate Boosting angiogenic capability of alginate against HUVECs [79]
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SE [ 45 A6 F LB i A AT . A5 R 7R SA-CNTs
AT LA SR 97 CMs T & HHEZ 255 1t 4i
MU, AT DUSR A 40 i A0 5 5 4% 338 1 B & 12,
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2.2.2 WK T4
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fEHE O WU A
223 AEGRENTEY
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i FL T AR AR T O UBEBE R o LN £y o 3% B AP
F GO 1ENFT AR A, Bl T 2 2 00T4 S,
S 4 SR R ORTE AN MR THI R 1) GO J R, 2 )L
H RS, 3 CMs LRI R R AR A .
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GO, /KB BB W Pis sy J# el 5 ik
Ao CKpdst s T R Wi 4 2K U5 3 5 400 P 1 K e 3
FIRECOAUEZEX, BT oINS E A
(a-SMA)FI Cx-43 HIRIE, WEL Ti%E A/KEKA
BAREE T N1 S S S 5 L. FR, O
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Fig. 6 Carbon-based materials promoting myocardial repair by reconstructing mechanical-electrical microenvironmen

{17778, 103]

(a) Schematic diagram of preparation of elastic conductive myocardial patch with GPE and its application””; (b—d) MI, MI + PGS and MI +
PGS-Grl group heart tissue images'””; (e) Statistical results of infarct area””’; (f) Ultrasound imaging being performed at 4 weeks post-MI to assess
cardiac functionality!’”); (g) Assessment of left ventricular internal dimension in systole (LVIDs), LVID in diastole (LVIDd), fractional shortening
(FS) and ejection fraction (EF) at 4 weeks post-MI""); (h) Scheme of application of soft and conductive PEG-MEL/HA-SH/GO hydrogel system!™*);
(i) Schematics illustrating fabrication of rGO/silka scaffolds and their application in restoring electrical integrity in infarcted myocardium!'®*!
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Fig. 7 Zn,Si0,4 bioceramic repairing myocardial injury by manipulating cell behaviors

[105]

(a) Schematic diagram of the Zn,SiO; for treatment of MI; (b) Zn,SiO4 bioceramic extract preventing H,0,-induced oxidative stress and apoptosis in
HIC2 cells; (¢) Zn,SiO4 bioceramic extract promoting angiogenesis of MCAECs; (d) Intravenous injection of Zn,SiO,4 bioceramic extract reversing
ventricular remodeling after MI in mice, including improving the cardiac function and decreasing the infarct size and the fibrosis area
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Fig. 8 Biological mechanism of SiOs* treating iDCM!!
Si0;>" modulated multicellular differentiation and interactions via
FOXO signaling pathway. SiO;> activated the FOXOI signaling
pathway in CD4" T cells, leading to a significant reduction in their
differentiation into Th17 cells. Concurrently, CS promoted FOXO3
expression in neutrophils and fibroblasts, thereby inhibiting their
differentiation into NETs and myofibroblasts, respectively. This
comprehensive and multi-cellular regulatory mechanism disrupted the
harmful interactions between CD4" T/Thl7 cells and neutrophils/
fibroblasts, breaking the vicious cycle of myocardial inflammation and
blocking the progression of fibrotic lesions post iDCM
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