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Abstract Cardiovascular disease, particularly myocardial infarction, remains one of the leading causes of mortality
worldwide. Despite advancements in treatment strategies, the clinical application of existing therapies is hindered
by the impaired electrical and mechanical properties of damaged cardiac tissue. To address these challenges,
researchers have explored the integration of stem cells with biomaterials to develop bio-mimetic engineered
constructs in vitro. These constructs are essential for cardiac tissue regeneration, drug screening, and congenital
heart disease research. During heart development, mechanical, chemical, and electrical signals contribute to
enhanced cell-cell interactions, cellular alignment, and functional maturity. Among these stimuli, Electrical
Stimulation (ES) has emerged as a promising intervention for cardiac tissue engineering. This review explores the
role of endogenous bioelectrical signals in cardiac tissue and their impact on cellular processes such as adhesion,
proliferation, alignment, migration, and differentiation in response to ES. In addition, we discuss the introduction
of electroactive biomaterials (EABMs), which are capable of generating electrical signals, and the latest

advancements in their application for cardiac tissue engineering. The final section highlights the current limitations
of this approach and future prospects in the field.
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1. INTRODUCTION

Cardiovascular diseases, particularly myocardial
infarction, are known as one of the major causes of
morbidity worldwide due to poor self-healing capability
of the myocardium (Benjamin et al., 2019). Nowadays,
tissue engineering has emerged as an efficient approach
to create bio-mimicking engineered constructs for
cardiac tissue replacement, drug screening, and studies
of congenital heart diseases (Zhao et al., 2019).

The tissue microenvironment and intercellular
interactions, plays a pivotal role in modulating cellular
behavior and tissue functionality. They should
recapitulate the native microenvironmental cues,
especially the structural and functional aspects. The
cardiac ECM is a complex and highly dynamic
microenvironment with electroactive properties (Liaw
& Zimmermann, 2016). Therefore, tissue engineering-
based techniques are focused on creating intelligent or
stimuli-responsive materials for cardiac cell interface to
replicate the biophysical characteristics and functional
behavior of native heart tissues.

These stimuli-responsive or smart materials possess
electroactive, piezoelectric, or magnetostrictive
properties that can deliver electrical, electromechanical,

magnetomechanical, electrochemical, and piezo-
electrochemical stimulations. Recent scientific attention
has thus centered on the development of electroactive
biomaterials (EABMs) with capacity to produce
appropriate electrical fields. EABMs are a new
generation of “smart” biomaterials capable of applying
Electrical Stimulation (ES) directly to target cells or
tissues (Roacho-Perez et al., 2024).

The family of EABMs is mainly composed of
electrically conductive biomaterials and stimuli-
responsive biomaterials that can generate electrical
signals under specific stimuli. The main categories of
conductive  biomaterials  include  carbon-based
biomaterials, metal/metal oxide-based biomaterials, and
conductive polymers. The main categories of stimuli-
responsive  biomaterials  include  piezoelectric,
magnetoelectric, and triboelectric nanogenerator. This
review highlights the significant potential of EABMs in
the field of cardiac tissue engineering that can generate
electric fields wirelessly and non-invasively in response
to external cues. The focus is on understanding the
biological response of cells to bioelectrical stimuli and
utilizing EABMs to improve the behavior of cardiac
cells and the functionality of engineered constructs.
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2. Role of Bioelectricity

Bioelectricity is an integral part of living organisms.
The surface charge and the resulting internal potential
regulate cellular behavior through biological processes
and signaling pathways. Studies have shown that
electrical stimulation affects the intracellular Ca*" levels
through ion channels embedded in the plasma
membrane. Ca?' ion levels mediate many vital cellular
processes such as apoptosis, migration, proliferation,
and differentiation through the activation of the
calmodulin/calcineurin/NFAT  signaling  pathway.
Electrical stimulation and changes in membrane
potential can also affect membrane proteins, including
integrins, and activate the MAPK/ERK signaling
pathway. Action potentials regulate tissue function,
governing both nerve signal conduction and heart

contraction (Zhang et al., 2023b).

3. Electroactive Biomaterials-Based Electrical
Stimulation

It has been shown that electrical stimulation plays a
key role regulating cellular behavior and regenerating
tissue (Zhao et al., 2019). Over the past two decades,
several biomaterial-based approaches have been
employed to non-invasively deliver electrical cues to
cardiac cell for promoting cardiac tissue regeneration.
These include electrically conductive biomaterials (such
as carbon-based nanomaterials, metal/metal oxide-based
biomaterials, and conductive polymers) as well as
piezoelectric, magnetoelectric  biomaterials, and
triboelectric nanogenerator (Zhang et al., 2023b). These
materials are designed to mimic the electrophysical
properties of native cardiac tissue, which are crucial for
proper heart function.

To enhance the functionality of engineered cardiac
tissues, control over the electrical conductivity is
considered critical. For this purpose, carbon-based
nanomaterials as nano-filler to enhance electrical
coupling, upregulate cardiac-specific genes, facilitate
the development of mature and aligned sarcomeric
structures, and increase the expression of gap junction
proteins (Cx43) (Mehrotra et al., 2023).

Of note, metal-based nanostructure, such as gold
(Au) nanostructure integrated into polymeric matrices,
were used to interface with stem cells to encourage
cardiomyogenesis and the differentiation of those cells
into the cardiac lineage. For example, (Baei et al. 2016)
developed chitosan hydrogels with embedded Au
nanoparticles to simulate the electromechanical
characteristics of cardiac tissues. The scaffolds
promoted the migration and proliferation of
Mesenchymal Stem Cells (MSCs) and assisted in their
cardiomyogenic differentiation.

Electrically Conductive Polymers (ECPs) are
biocompatible, biodegradable, and have adjustable
electrical characteristics. For example, polyaniline
(PANI) is a frequently employed ECP in cardiac tissue
engineering owing to its excellent biocompatibility,
electrical conductivity, increased surface area,
chemical stability, and ease of surface modification for
incorporating bioactive compounds (Qazi et al., 2014a).
Polypyrrole (PPy) has also been thoroughly investigated
for cardiac tissue engineering (Parchehbaf-Kashani et
al.. 2020). In regenerative medicine, especially cardiac

tissue engineering, piezoelectric biomaterials such as
poly(vinylidene fluoride) and magnetic nanoparticle-
incorporated piezoelectric materials with
magnetoelectric properties, hold significant promise for
creating minimally invasive combinatorial treatments
(Ferson et al., 2021). For instance, in cardiac tissue
engineering, magnetically stimulated scaffolds with
magnetoelectric properties have been shown to enhance
the expression of heart-specific markers (Cx43, troponin
T) by generating electrical stimulation (Jing et al.,
2024). Electrical stimulation generated via EABMs can
modulate many cellular activities to enhance the
maturation of engineered tissues in vitro, primarily
through the activation of ion channels (K", Na*, and Ca®*
channels) on the cardiac cell membranes (Zhao et al.,
2019).

Moreover, Cardiac differentiation facilitated by such
materials has often been attributed to the upregulation of
cardiac-specific transcription factors including Nkx2.5
and GATAA4, which regulate the transcription of cardiac-

specific genes like cardiac troponin, Cx43, Myosin
Heavy Chain (MHC), Myosin Light Chain (MLC), and
their respective isoforms (Mehrotra et al., 2023).
Although the function of biomaterials responsive to
biophysical stimuli in generating electrical signals in
natural tissue remains unclear, it is generally closely
related to many physiological processes of tissue
regeneration (Roacho-Perez et al., 2024).

4. CONCLUSION

In summary, this comprehensive review has
explored the innovative application of electroactive
biomaterials to generate biomimetic electrical signals,
emphasizing their transformative role in cardiac tissue
engineering. Electrical stimulation is a critical factor in
tissue engineering, as it closely mimics the
physiological environment of native cardiac tissue.
Electroactive biomaterials serve as scaffolds that not
only provide a supportive microenvironment but also
actively generate electrical signals. These biomaterials
can directly influence cellular behavior and promote
tissue regeneration by integrating electrochemical,
mechanical, and biological cues. Therefore, they offer
substantial potential for innovative cardiac tissue
engineering approaches.

REFERENCES

1. Baei, P., Jalili-Firoozinezhad, S., Rajabi-Zeleti, S.,
Tafazzoli-Shadpour, M., Baharvand, H., & Aghdami, N.
(2016). Electrically conductive gold nanoparticle-
chitosan thermosensitive hydrogels for cardiac tissue
engineering. Materials Science and Engineering: C, 63,
131-141. https://doi.org/10.1016/j.msec.2016.02.056

2. Benjamin, E. J., Muntner, P., Alonso, A., Bittencourt, M.
S., Callaway, C. W., Carson, A. P., Chamberlain, A. M.,
Chang, A. R., Cheng, S., & Das, S. R. (2019). Heart
disease and stroke statistics—2019 update: a report from
the American Heart Association. Circulation, 139(10),
e56-e528.
https://doi.org/10.1161/CIR.0000000000000659

3. Ferson, N. D.,, Uhl, A. M., & Andrew, J. S. (2021).
Piezoelectric and Magnetoelectric Scaffolds for Tissue
Regeneration and Biomedicine: A Review. [EEE
Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, 68(2), 229-241.
https://doi.org/10.1109/TUFFC.2020.3020283



https://doi.org/10.1016/j.msec.2016.02.056
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1109/TUFFC.2020.3020283

E. Golafshan et al / Journal of Advanced Materials and Technologies (JAMT): Vol. 14, No. 2, (Summer 2025), 1-25

3

10.

11.

Jing, T., Tao, X., Li, T., Li, Z., Zhang, H., Huang, G.,
Jin, Z., Xu, J., Xie, C., & Qu, S. (2024). Magnetostriction
enhanced self-powered nanofiber sheet as cardiac patch
with magnetoelectric synergistic effect on actuating Na+
k+-ATPase. Chemical Engineering Journal, 490,
151791. https://doi.org/10.1016/j.cej.2024.151791
Liaw, N. Y., & Zimmermann, W. H. (2016). Mechanical
stimulation in the engineering of heart muscle. Adv Drug
Deliv Rev, 96, 156-160.
https://doi.org/10.1016/j.addr.2015.09.001

Mehrotra, S., Dey, S., Sachdeva, K., Mohanty, S., &
Mandal, B. B. (2023). Recent advances in tailoring
stimuli-responsive hybrid scaffolds for cardiac tissue
engineering and allied applications. Journal of Materials
Chemistry B, 11(43), 10297-10331.
https://doi.org/10.1039/D3TB00450C
Parchehbaf-Kashani, M., Sepantafar, M., Talkhabi, M.,
Sayahpour, F. A., Baharvand, H., Pahlavan, S., & Rajabi, S.
(2020). Design and characterization of an electroconductive
scaffold for cardiomyocytes based biomedical assays.
Materials Science and Engineering: C, 109, 110603.
https:/doi.org/10.1016/j.msec.2019.110603

Qazi, T. H., Rai, R., & Boccaccini, A. R. (2014a). Tissue
engineering of electrically responsive tissues using
polyaniline based polymers: A review. Biomaterials,
35(33), 9068-9086.
https://doi.org/10.1016/j.biomaterials.2014.07.020
Roacho-Perez, J. A., Santoyo-Suarez, M. G., Quiroz-Reyes,
A. G., Garza-Trevino, E. N., Islas, J. F., & Haider, K. H.
(2024). Current Developments of Electroconductive
Scaftolds for Cardiac Tissue Engineering. In K. H. Haider
(Ed.), Handbook of Stem Cell Applications (pp. 911-938).
Springer Nature Singapore. https://doi.org/10.1007/978-
981-99-7119-0_55

Zhang, X., Wang, T., Zhang, Z., Liu, H., Li, L., Wang,
A., Ouyang, J., Xie, T., Zhang, L., Xue, J., & Tao, W.
(2023b). Electrical stimulation system based on
electroactive biomaterials for bone tissue engineering.
Materials Today, 68, 177-203.
https:/doi.org/10.1016/j.mattod.2023.06.011

Zhao, G., Bao, X., Huang, G., Xu, F., & Zhang, X.
(2019). Differential Effects of Directional Cyclic
Stretching on the Functionalities of Engineered Cardiac
Tissues. ACS Applied Bio Materials, 2(8), 3508-3519.
https://doi.org/10.1021/acsabm.9b00414



https://doi.org/10.1016/j.cej.2024.151791
https://doi.org/10.1016/j.addr.2015.09.001
https://doi.org/10.1039/D3TB00450C
https://doi.org/10.1016/j.msec.2019.110603
https://doi.org/10.1016/j.biomaterials.2014.07.020
https://doi.org/10.1007/978-981-99-7119-0_55
https://doi.org/10.1007/978-981-99-7119-0_55
https://doi.org/10.1016/j.mattod.2023.06.011
https://doi.org/10.1021/acsabm.9b00414

\-Y0 L(\i.i QLZ.\MAL:) ‘Y OJLA..\:J L\i 092 4\:.‘.3% 6u6)jujb‘y MLJ«\G_?

4."3,&.3' 5\.&‘5)‘9‘;5‘9:‘}0 ML'J..AJ

Journal Homepage: www.jamt.ir

e P
Sirts m‘o({’—/;b;

Sosr S il

—3l 90 Gty 1 ot S S SR A g ) glaeay LB Bl wkigs p 8 s S, o0

S SN

T e Lo e IS S e dess T Ol i 0, LIS S e 0L S gl

jijaL;:J_(‘.i.//: Ol O s oy 5 i ol ‘f'b"jjj[:_éj/;jlc;j» ‘b.fwmg&‘jjjujfjlc‘ja&hjjj (553 (g ameniils]
L;'/j,{/‘;j-j ‘Jﬂ‘gjww‘_f&):‘;&i/@ Ql‘“bjﬂjjfj&‘@“u “;{Jﬁuﬂf&[ﬁdjju
J/ﬁ/uﬁ =3 u’ijw W‘-{ij /4_;19 oL@’/A “/Li‘“uj’"d"“bwjj;' “;le;éc,mw' Q&;A}J;j» ‘Jéwi-"/) r

‘g_:.l'f_} 4_{":"“;‘{"‘/“"'?" L;a./bcif/: "'//‘:'/“"/jfj‘“'ét'j“'sw oL@‘/} ‘_}."Zf ‘5/_}[;9'_} (4}(9;/ ‘//.,C.b &LA‘;J_}LJ_} ra_}lﬁ &ow_}j ‘/Véwi-"/) r

Il O o o imio ol

Il s Ol s sl szt ( Sl Tl bl *

aﬁf‘if/.? ‘J{}A ‘;w./t.f.o ‘ji’leC:ﬂJ‘/} d//.:'/‘d/jgj ‘“—4:'/";‘;:""" oL@‘/} ‘_}JU d)ju_} f_}lﬁ;jd ‘//.,C.b dﬁb&)ju_} /A_}lﬁ doybi‘f‘.bj}; ‘J&w/-l

Il O g T T PV

el Olgzr 3 a3 S e ol glacde 51 (S B el onisn e B Glagolen 0l
5 Shas 3 ozl JNetl Bsa e S0l il ot planil ] slaans 3 oSl iy b
L ool Glad s S 5 ool s axl e 00 b b (glas )18 o S il SO 5 S5 )
Sl Mo Sl oKl Jamme 53 Al (Sodkd g Slaesle Ctla  slataas dal)lS sl gaceny

B3 63155k lag sl sallae 5 Lagls Lol 5 6,8 B sodisml 5 LalISL L Sl

Wlas (gazmsn )
VEFNV/YA gl o
VETAYTY 16 S50

VEVE/TIN 1 aksS b

:Laajl,.x,b’

Ll sl g s

oA I g
6)‘)SVA AJAS.LSJG C,.'%Ll)é Q-{.’.):Q\J ‘;_v'l.f..:.& ‘QS,_J.{A L;Lﬁdfm J.nm djla)é o..,l:ﬁ .Aj)j)l».i “ su.i_):gjls_f.:fd
Salle S (SIS o ol il s e 63 Shas £l 5 Il d e VLT 15 sl oSS
S 25 1 (gosye @ ol 53 il Ll edigs 81y el sl Ll WSS

o S S 5
Mpplmss Bome 2 Sosp o S WAl ) (SSISC S w0 S bl s
Goism 53 WOl 5,50 aas L3 s i op 21 5 SO GladbKw sl bl b (S xsUIdbes
b}":ﬂ;‘ @f:ﬁﬂ.la?w“Jb aJ.i"J‘JJ‘r;%)LéQ{‘J)Jau ¢j>Tu,L>u)J J}J& 4_7\)\\_,.[9@.9[.' L;w.,\,‘é.n
https://doi.org/10.30501/jamt.2025.507009.1321 URL: https://www.jamt.ir/article 224078.html
U Oblew 5l atws pl 2ilig clacdl o glaas 1a 545 .
(Benjamin et ) LiL Jle 55 J¥s 05k 5 V/) 550 YeYO
) . . R -
Sl Gl s sl iy e s Ol dU (al 2019 Slassben ¢ Kol I3 el Sl 1S L Gillas
5 @b sbils s Ss,e- B Ol S0 4 Aol o el Ol 03 e s S e odes Yo 51 B e S

1. American Heart Association

o e L2 Jlas 58 HUI R COR PPN Py

Il Ol s ey o i oSl el go puerligo (50lSCiils 1 GLES

simchi@sharif.edu edu :JKS(\:.;



mailto:simchi@sharif.edu
http://www.jamt.ir/
https://doi.org/10.30501/jamt.2025.507009.1321
https://www.jamt.ir/article_224078.html

V=Y0 (Ve b)) oF (oslas VE (o555 b iy Slacsysld 5 3l g aslilad /01 Ken 5 OLESI IS elel! 0

Ebad & Vahidi, 2022; Liaw &) 4il e C}L

(Zimmermann, 2016

il SUbl laa 5 (5L b Ll Al B b s
J b Jshs (S0 2 BCMD T Jslos 25l oS ke Juls
OB S s bt S e Sl Glasgere
Gk il o Sas 5 il bk, fdss s slesdll
L 5l 5 (SO0 B Sl es LB il S s
L solEl 5 55 s Sl Col 5 ol b SIS
W s 2208 50553 James 53 A s s 0L 5
ol sl 13 Sl STl S e 5 me 3
Sl Ll o o) G e H o> a5 Ay 0 b5
LS bl el pwlige Slae sl 5 Shas 5 bl s (glesdll
LSS AT 5 S 4 e G Sl s
5,8 s 5 A o S J sl sho Jlasl 5 bad sl Sialon
e TR T TR RNCY YRS PSR PPN R (vl
.(Dozois et al., 2017; Scuderi & Butcher, 2017)

SsS e b sy homeny 5 G slad s
3 Ses 5 Jslo slajli, &S i€ S 5 slendige
= LIS Ol B350 o S o S o I 28715 3L
bl s2)8 S cul ol Sl sl
s Shas (slp S S o Jlad Olesen L5LEN sy 1 (CM)
ssbas (Padala et al., 2021) sl ogo sl S5 b
2 Sl sladshe Lo g linl (S0l JUSw (ol
Sxbas oS Giibil 53550 A5 S kas gm0 S
o OV BB G 333 e om 5, U 56 5 o
LCM (a3l .(Baruscotti et al., 2010) &S & =5 |
B des ety A5 Gkl b (S s

b Jewily 85 .(Chahal & Somers, 2016) Las .

(s e Vo e 5505) ol (glalinl 31 e yun 523,
Las e c)l;-\j.bj.&&)l; v_lJ.w gf'}'.’. L;Ladbls ‘J,ﬁ)d‘j:‘jé
ST 1 L Ol 5503 5 Lsd b 30l e slaO s

J,“.@_MJ B MJS L;Lwﬁ 39,5 L Cf WJS L;vy« Juls

S (Bl slasben Ol )3 eldan S8 SsS
Cas 3 05mSt 35S 5 Gy Sl S 1y s ol
bl ol OB e 5 >l Jes b Sloyagls cllesls
Ot sl s Gely a5 o iSTUAL S 33 51aS ol 5o
L 1 has o Sl gla s Ly o pdipde 5
L S« Sloyssls la iy, (Cahill et al., 2017) 53l
5ol leob @y il b g L Sl S
s e oalinal 5 gae Sl bolee 5 oodd Jhals

el Ganw s JA e de G0 5 B g3lsl s

W5 adal g s Sl s ok sl Gl
o osBea O 5 Lgy OB Gedd g lacil,
sadlas b ool sk Col S5 w3l B slaanls
255 planil LB il i geda 3 glos 1S (sla e,
@by sladshe S50 Gawes oo ol o
b 5 Ol oobey b e ool ladshe o5 sa
Laos 5o 1) edd pwdigs A5 Slacl U 5 OISl LIS sl
sl &S pl el 03,51 oal s AKELST 5 5-05
el gl WL Ol ol Olgea AlS e
Lagyls obiol 5 o SLsE L0 5 sdisen glacil
S3A6L 5 G Slllas 5 S sl ilede
sl ol oo 3, Gl bl 58 eslinal LS
03 o el F ok 5l sl Lagols Lol sk
(Zhao etal., 2019) pis oKisle3l Lams
Sladsh bl 4 altos o)l gan I8 3L g 5o
ol (S3p glas Slas 3L 5 b geas
SMe sy Oda o SO, S Saacias
s~ 25L Ll (Akiyama et al.. 2010) Llosy O Kiass
Ol ey oilasl 5o SOy I Sdcir 5 LI 0L,
G Bl kg el e (sl e s SO
g a4 Oy 4 B (ool adle sal

ssbeds a5 e sled 4 S0 5 S0 ks o Lol
S 5 SKidese haeen, B Gl olbsbls

1. In-vitro

2. In-vivo

3. extracellular matrix
4. Action Potential



;! V=Y0 (180t Olasl) ¥ (Gosla VE (o555 atd 1y slacs 5l 5 3l ge anliliad /01, 5 DL IS elell

.(Balint et al., 2013) ool sl o3ls OLaS - Ji..ﬂ )3 aS
a3l S5 8 Dl g a3l 5 ol el ) 0!
o ol S ealiel Sl ol 8 ol S5y s e
CLdEn sbl gl s (5l ral S s s s |
Sy adaz il G SUIds slgecas s 31 eslanal S I
Il 1y S S b Al a8 el By s
Gl 03 Kol oS Sl e g sl a5 iman 5 i
(O J82) s a5 (S0l IS (sl oS e
Strw s 3 S50 5o st slacd g Wlie ol o

2o Sl sslasl 5 Jsbe Cdsi e J 1S () EABMs

58 s JMCWL Basle 5 Gl 4 dunl 5l e

4 e 335 g0 A 5 Ay S5 S e 4 ad
ol gladsle k) spp lp WS Sose G AW
AT Ll 5 3 ks wdige laesle s Shes 5 3
Sepbsm $S e Jlesl 2B L EABMSs (o550 L
Py el (505 2 Lo 53 (S5l 056l James Ol e
Sl pwdige 5 Ladga olge Sl atas cpl 508 W2ulg s

Al L1 A8
d};\m la QT J.al..s‘, ‘}b}).: 6“""“‘.’.4;"&“%) -Y

L Jsbe Sk, eddinbl Jts Jodly 5 (ol L
LS o oebis U (6o o 5 S5 50 sladl b G b
el ods esls QLS Y JSS 5 OF gaods &S

SO S s e St el sl oLEs olalllas
S LB Gbsl Jla s CaF o plan Olge
G 53 edde s Gl g 5 plewdly L s eddanad
3ol gaanly Ca¥ Ly sk ol ol 5T
Rl 5 S5 e Gl b Sl Jsbe slal 8
calmodulin /calcineurin Ji&oe e 055 Jlad 3 bl
ol INFAT

Sl il S s S S e
55,08 3 s Sl akes 3l plid gla s Ll e
W s 2 0l posdle .S Jlas |, MAPK/ERK. JUSews s

sl Sl Wl e S SIS el el OLES

SWis s~ G b)) soedS GladUS s s b oS e
S a L 50500 e L8 Ol V505 4 el
(da Silva et al., 2020) Ll> 8 3L ol il

Sl /laell s Sdes ol gl ang Slso ol ol
5 ae (e 5 55 0 mar s oSl B
ol (S5 bl o ege B Sl B
J)‘J J}.Lwﬁﬁ.i’;)ﬂw LCJJ>-L€J LJ}-LN 64?-;2— r-ak&“.'*
.(Balint et al., 2013; da Silva et al., 2020)

— ) e ) SO lesl B L kg s

S 6l S bt GBS e b AE
bbbl 5 A e jshieas B slad gl
318 o0 oy sl ol 3Kl b e 5 sl 53, hes
ol 085 51 S Olsea s glacanls dd el
IS b st Sl 5 Al L 3L ks
s Ol geas (EABMS) | (S sSUIJ S s gacn 3 Tl S
S e Jlasl 4 26 &8 (ladpn sl 5l
Sl Gl el s s LS L b gl 5 (S5 S
Sl Coesl 4 g L LB S I a5
S e (o Slazil 5 Shas Ganw 55 53 (Sl Sl
S8 5 (Cuietal., 2014; Yamada etal., 2007) S =3I

o (Liaw & Zimmermann, 2016; Zhao et al., 2019)

ol eslited LB (3lasl sl sles 28 Hsba ABCa;
ok sl WLl Sl sl et sl e
EABMS (¢ S )Sa aber 3l 503 2 oo 3 8 slad sl
LSS S e S 52 o (SUS s 03331 5
.Q Jg..ﬂ) Sl 0l eslaul
3 l sdalia LBV IS s &S sbokes
il 5 eslital S S SlaS e sbul (slas el
5358 53 51 a8 K 3 2SN e (S SN S 2
5 LS e eliad (S Ol W5 sl 4d8 e
L sho & S Lame Gy bl sddsbonsl S S sba L
o S S slml sla s s e Solis
s Il Gains a4 Ll e Bkes 55 51 tee
53 e penolitn 2501 Ol S o3lizad 57 i3l Sl

1. Electroactive Biomaterials
2. Direct coupling

3. Capacitive coupling

4. Inductive Reprinted



\-Yo g(\i#i Ql.:.m;u) ¢T 60)L~§ Ai So92 wj.;.:i 6[.&6)}&3);\}« MLM/D‘)‘S.@A} bLiélJf rl.@.“

Jidss 1 Shae Sl praes 5 B SLED (s
Ll o 2l mlaws 55 (Tsien & Carpenter, 1978) .S
58t A sl s 5 Jsle BLL gablanls
Sy 5 L s 5 5 )8 5o DLSLEN 6)'@{&@ Aile ags

< .(Buzsaki & Draguhn, 2004) 2L =3

o

5K S ROS) TJls 5enS| Olsme 5 (ATP) ) Slins s 5
Zhang et al.) das 5 sbeos | Jobe 5, G s
SakSe s Jiho Joo Joily (b w53 .(2023b
e Bl 508 5 O Glp ense 1 Jsle
s ile (ol 5 Shas 1 6oled g 33 ¢l sl S e
(oras SaSd Ml oltle 5 o5 Shes

L ¥ LY
y; o S S S U S e -
f li 17 J,_Q j...S; S galn 3 g
1 ! I
1 \ﬁ E Lomabliie Db eIl + 2 S §
1= i 1
g {’?L, ‘{ g CoFe,0, PVDF g
12 & ) e 1
i \49 B o gl ol ! -
1|5 S 7 *+ AuNPs i 4
13 © . AuNRs
1|
1 AuNWs
1
1
]

*HQ k

g
L&
I
i
i |3
1|2
i
a o N
° by
E \2 3 N P P
W = i
o ke Y
- o |
u\%j‘ AL L
g e PVDFTrFE il i
' J!j ] P
\“ j; tu’\g’ an'If l)kalfﬂ A\ PTFEFEP |
- ~._PHBV S LIk_f_lglglgmd,&’ A

B L g 5358 (sl (SIS e lasl O SU S slaspal, I (Sl ) S

[Ca?] @

39/‘

[Ca"] |ncrease
® o

Ml
l ,,,,,,,,,
T

§ Gg-Coupled
' Rece

G“t‘o%d -

Wi

TCR%
A

e

|||'][ /f
7
PTEN ¢

o\ # - :
OJ AKT ° (] Y Ras—§+P|3K——-PIP:i =
WP/TAZ | o CaM © : Yo ' _
. Raf : Rac Akt MAPK '
AT PO ANl P ol
Wnt % ocn o caMKkil T o MEK1/26 PIA €SS B-catenin
: R N L !
; "‘. @ JNK ERK1/2: Rap1 - LKB1 N 2
: \ “ca?) 3 A i
®e . NEocdun cfos
S -4 CREB LEF/TCF .
. H ’i\
e NK-AT STAT1/3

(Zhang et al., 2023b) S U1 S o 4 J b Gk ool Sl slasdl Y IS

1. Adenosine triphosphate
2. Reactive oxygen species



A V=Y0 (180t Olasl) ¥ (Gosla VE (o555 atd 1y slacs 5l 5 3l ge anliliad /01, 5 DL IS elell

e 3 OBl 5 50 paasd il 5 bd sk
Sams S LSS ase pu Lol ol las Shas
Slr 2,8l o5 ekiasdlid B 3L s gl bl
Sldlas 53 3,58 ke ARLLGT gladie s
Staws opzmen 5 gl G 5 B (G3sp
il Sy Il ol 50555 63,5, slaasl
ool s S5 ol B 5 (805 b 5> B
53 dadsa slye Sl eslid [l o Ll IS S5
das s Blol glas See il gl S3L 0 wdigs
5 Jle el edd Ol Sdda ke kg
AN S e ap IS B L o5 54 3L (5Ll
St oSSl S b 5 SSUS SO Sl
e S, ss it 53 LBl S A8 e Jlaty | O]
L S Wlesls OLad (65l Sladlas 555 0 a3 S 0ysl L
G S S e D338 (B 3l ale @ a5
Zhao et ) 5,05 I3 55 Sy ad sk Culds 55 e
EABMs G b3l edd slel S Sl Koo (al, 2019
gk Ol oskea ) Jsbe bl 51 (ol L5 0
Liu) & Jas alelol Jasl 15 55 o pdige slacdly
< jfc..ub Speciny > Shas L » (et al, 2021
52 S G dUS W5 ke (S5 s (SIS s
L S5 Bl IS sba ol el 3L g anl il
ol b (3lusl 5 Ay (S5 8 55 sladal bl (ol

é,‘f.ﬂ” 6\A«Sfu -¢

o S Ol giluand 4 ) gladle o

& s (BXEF) *1305 S S Oldse Jlesl L (EnEF)

Ol e Gledul 3w S g 08 L e le
5 BXEF 503 3505 o3 OL 3 aub ,bas « EnEF
S s b S Cl 2ol 608 (Sl Ol
K15 o EXEF IS sbas 355 0 5,05 Ol 4 ol aie
s Sl sbess ol K 5w ) besl 5 bdshe
e N L R e U e

a.L::)l?u"‘ \Ja& J’.‘.“"‘"L:'.'. G(CM) Lﬁg;-?ﬂﬂﬁ))ls L;‘)

@355 Ol b 4T 2SO U8 5T S LS b s
5 gl s Ll Jas fouily LS oSS Lad sk
(Tsien & Carpenter, 1978) &S Wl 1, 5,550 olal
Sl 5 B slesb ol sl (S SIESS ol by
Jesly .(Radisic et al.,, 2004) <ol ol oslizal 3,8 50

ub,..oa.. Jj?'- JJJ 2 OJW u‘]d.tjjﬂ LSLAJLK,:..U E) L;“.L:Jf
@l gk D b pld Al gednsd xS
O &g bl ool sladshe sosy pled Al B s
St S5 (il @ ol b a5 ol gladle
s S Gl b S Ol Jlesl b 1505,
é—,‘,):g‘ Q‘J-;.A L;LQJZ'.A‘)L_ 6)L~A4.3M:-' L' C,.MJ‘ ol JLA))
S Shs e g5 4 s bl ol 5 15050
Lol bl s (ke L) i Gl ol
o3l (S5 se aptann 5 SO SIN G o ST e

JJJL;O
J‘y&:«vw‘{} 9 ‘_;ij&“ &J?J J.:.‘JLQ -y
B Il kg gl S SN

ok Sl e s Sl 23S 1 e

st 3l Sane s Gl e sladle s ol Sla S
Sl g e bbb ol 5 b e 5 L
el b olsl 5 Jske S, J S sk EABMS
Roacho-Perez et al., 2024; Zhang et al.,) <ol ol
bl Lo pay pamis (Golens b B 3L (2023
o Saler SLEI pshen (Sl GladlSm ol
S Sl S e JUd) S sl ke
AL ol AT Lol 5 s il S L OF Gt

LJ}-LNC)[?‘ .)a.?u O S b 6‘0% QYLUU‘)J;:.‘& Ju‘j:.o

1. Action Potential

2. Ion Channels

3. Gap Junction

4. Endogenous Bioelectricity
5. Exogenous Electric Field



S A Sy 3l gy V-
16 bl 53, Slal 5 S5 585 S0 Lo
5 5l 1y (w2,2) 5% 10 % S/em 5 ( Jsb)x 10 2 S/em
5P A& gl (Roberts-Thomson et al., 2009) das o oL
S S Bl i slacls ¢lsil (5 2l ECM
S eslizd b il Sopdan ool b blay e slse
{(Roacho-Perez et al., 2024) Lol Lo ¢ 52 Slasless
SN by D5 e LS Uy slpecan s plisl L
ool gl Ol Sy ol LI B slacnls
Lol PS5 5 SOl ol del o ls (S5
Slr 15 OF el 5 Ao 3 g0 ol anbs 5L L bz
a5 slsn Sl sl als Rl B slas )
Ols 5 LS o Joeed 1 5l5en 5 Bl oSl slaslla
Aas e Sl 1 8T eSS ol Jlasl sla s
S Gl sl et 5 b (Mehrotra et al., 2023)

(S e et e 4wy 4w lld b
Ysame 8 Uy (gl 5 58/ 58081 5 mn sl smin 5
Loyt 5 b gl beld Buee Lyl gl o
2 e oS5 e S Gl o S Sl

L g Syl slse ol ST gla i

R I P PO R PR B B
Slhaatie il e (u S bl st
Shds G (B b Cb L oalis g kbl
Rl Sl Sapcans e 3 1 s LB
L s ol SO S sl S Lo
(Sl e le S g Waa 6 0551 s (8 sl
SN s et 5 (Sopd el Sl d RS B
53 5815 AU e Ol (S U s a5 ks
oyl (Tonelli et al., 2012) Llods eslazal 3 glacan)ls

O Slizke 5 (GR) o318 Jals buese Loyl b b 51wz
Lzea (CNFs) o S GUILG 5 (CNTS) o S slaadl 46
355 51 (6=107-108S/m) Vb ks S S UL, oS
Sl ool L5 3 (gles 1S 5 )8 5 s e OLS
Bl s Sl Sk el S e
4.>7-J§\ .(Esmaeili et al., 2022; Ghovvati et al., 2022) . ,ls

Ui S e 3l (Ko baes (05 0 s 3lse

Spd sl (Sl Ol Jlesl 1 e &S GG
9 EnEF ls 2l )l (g3leans L .(Zhang et al., 2023b)
Sl (23l sl S5 ke §5 bl 2 nlin Slalas
S, b gl BXEF pl 60,08 sl s, 5 G
St BSOLIE s b 2l 5Ll o Jsbo
S a il iy opl Wl s e eolitad (05505
S5 slass iS5 S5 g dis e ala 3l e Sl g
s Ol cowlia 55505 ol o 4y Hlacys gdes oS ol
dal gt atls (6ol ey oy g candlae ol s ol by
3 s Dot S Glole WS B s s
5 S O G e 4 sl s el

RO RRAt

Jbdey slgn g o (S S S o -V -8
SaS e b oodomy ey, 53 BB sladsle
5 8ke 5 e o), &8 o Sosdam 5 oledise

Hendrickson et al., ) L33 g 5Wse A8 o fdas | 3L

Clllas S Gl ploordsn @S Gl e SI I 2021
e bl ts bl Lol gosls les 1S
ol o3ls 0L B8 il 5Ll 5e SGSl salS e
wlas paly ol wkige (o5 (Allen et al., 2024) =l
S5 Gl B Sl edisiaml g Oleys sl
sbadl s bdshe 5 Jdcan; belse () olss
oo s el Cal en S skl LIS (el g
2l G b Sl Gl e s Shes S
S35 55320 el ply ol S plonil syl 318 50
Colda |y b gslesl 5 Jale Sl w5l e «5 EABMs
Sgplns) Sl 4B S I3 axg o5 Sdda S
S L (Ladi g 3l gaens s 5 bl Jud (SO S
sl b bda 5 (S S0 S o s Jlasl 42 5518
(<l Jals BABMs g 55 55 Gobas ¢ i ol 53 oies Gk
Juasl 1 S Sl gadb&w Aol 5 o a5 Blay o) 3l g0
4 el o3 Wl e S Ladsa slpecns (5 Lo
s RS A (S JSe (ol S e

el



Y V=Y0 (180t Olasl) ¥ (Gosla VE (o555 atd 1y slacs 5l 5 3l ge anliliad /01, 5 DL IS plell

L 5 sbsl oS cld il beddcy s ek
aCNT Yl L> a‘Jth PLY :}.J:k;c rl;u‘ YQ)JJQ‘ J:"é"

355 b (Kota et al., 2007; Zhu et al., 2004) 3,51 s sl 3
5 blau s pal8 K Jliml gl o5l D
A s Sldlas Gus WONT b (ol sl
Slr S Cd bl gla slge G bl (S I
S Sl ames SO gtV g
Sol= SIS Jiodes ol el ool OIS Js e
3l Coas ONT Y%Wt oS I35 353 00 " ol mo 550
o) (LCNT 52> 5 WaJ 4k .(Shin etal., 2013) &S .
o A ga0 33, Lol o Corge Z-line iw.;'ST
{(Liu et al., 2008) wxb azils YL L5 5 L g sKalen
S Ol 31 Sl A5 e Laay b ol 4l 55 L
J.\M: L dl.ni.:w JL&;‘ )ls‘j)l.w cJ.H:JL' J}Lﬂ B L;)Lﬁ LSAJLA L

Izadifar ) Cows jaseie jga WCM 5 LONT o S 2ie
S ol Jdhe Coew Wsa cencpll et al, 2018
S Ul b slae w555 A S slasksbsit
el s G slana 31 S (chass slaslitle 5L a4 Sladlas
Slamis 5 0T dts (6 56b 55 b 3150 315 (503l 5l
SR el Gl s &S S slasl Sl s
s o pay i ol il b dlodds LSE5 e S
b Llge P (SEa S o5 5 ) ol
2l B8 Gl bl s St s 2l SLAS

5 (Norahan et al., 2019a) 3,51 345 4 |, sl glad sl

5 Sl pwlige e 2 &S 1 (Sl Oldks ax g5 1A
el 03 S s 4 S e b sl (S
Giie 33 @GO) asly _zals 31 S 1Sl 5 (GO) 3l S as]
Collas (S s b S ol oS nen 31S Lo
oS S SIOT bl o St o 0L 1 odis LG
SAS 5 s e 0L 55 5 GleslIB b e s3l el

Sl 0581 sl ele slaes S sy Mo

5 SO ol il op S S 5T gla S cilos
Lo o oyme ool LOT & Sl mlaw ot
5 o8l S o sae sl (o Ol s (Kinloch ot al., 2018)
(il ML el o (SO sla S35 Jse (WONT
L3l it b (S S bl 5 Sy ey o
sl 5 SO s Shes all gl ol wdigs o
e s Sl ge (Maiti et al., 2019) X515 (5 ods s Sbo
Vo SO plowd o (S SUl Glle, WONT
Ol 1) Il 5ol s b ol 5 Vb (el el

5 s pamie Sla S5 ol (Dozois et al., 2017) Las s

L 5ol gl B gl s 5 eslinad (gl | Lo
e Sl Gl gladle o a8 e Ol Jske
Liu) 0338 dile o 5z 5 (b Slaslms 2 (S (S35
«(Tufan et al., 2023) i 4l pds e (et al, 2008
Abedi etal., 2021; Mombini etal., ) Obu 38/ I fou 5 b
(Suh et al., 2022) (PCL) O3SV .18 L /sY5 (2019

Loslpatir oS G sl it olad o das e OLES
las SN 5o ey Dl pdd CM lad sl gLis
ol copomen (Martinelli et al., 2012) 5,51 s L Ik
3l L AL L e g S0 S B sl
Las Gl ad b L) 5 (S sl slac b Ll 5 e
gaba] feily Wl e Oy S b owsdlen
3 oeedS S e 5 S bl Jb e 3 1y (6 5 2
ol Slilde plu 5l 2l 1) el st 2lse ddaee 555
s 55 T 51 5SSl L s dims (I3 sl 5l 4

awd pl (woman (Kharaziha et al., 2014) Liize 35 |

—integrin & s 05,8 Jlad L Llu,y (sla b le 50 5
ool S a1 ol sbSss (5,8 IS Bl
o ) SEe 5 (S e s gl d s Jlasl Ll
gl BCM s I lasl S5l iy
Na) i Sl e 0 S ol o L2 Gl s
plril ko glie s Cilims gladUE G ksl (Ca™" 5 K
slacyisels s culua (Satin et al., 2004) 545 0

1. Intercalated Disc

2. Electron hopping

3. Neonatal rat myocytes
4. Actinin



V=Y0 (Ve b)) oF (oslas VE (o555 b iy Slacsysld 5 3l g aslilad /01 Ken 5 OLESI IS elel! 1

53 ealial gl seine JT 5 Calhs b (g pab e SOSS
[(Pilato et al., 2023) L5 o3l anwy I3 CBl e
530 581 S ls 48 3l 0L G555 sl 2L
O3k (5 galas HL-1 Joho i) 5 Sk ooyl
Oy @l (omes Sl ko ubidosn, s J5IN
Yo Nkx 5 87 oSO8 LI gla Sl Ol [l 3l ool
L awslie 53 GOI-PEL Cvls (555 2 oddiolS slad she
(S osba (I JSE) sl Ol 1y JaS sladise

slr OB e ol GO-PEL s pa lacels

Ll Olas s 11 I8 sl sla bl asobesle

Ol sty oslizul il sl 5o ol s5cnl5l(Pilato etal., 2023)

Sl Sl glable L ool Sldlae (gl 8L Ju

e sl —Y-V =V —f
f;]a.ﬂ C‘)Lp\ 9 YL' (.5°}ij C]a.ﬂ L> )KJLM:CM“”) Q\jb
Alg o il b s Osml S ol 3 Caeslie 5 Ol

(Mody et al., 2010) s Uyl |, <ol sslusl oL

(AUNPs) Sb =13 56 alax 31 (AUNMS) Sb sla kL 5

(AuNRs)b  glaalws U «(Shevach et al., 2014)

Ganji ) (AuNWs) b sla s 5L 5 (Esmaeili et al., 2024)
3 5etr Sl Vgoms 45 diis (GlodiS 55 54 (etal., 2016
i slacan )l S fom 5SS ol
Sl o3 AUNP clisl Xps e eslind il
S ywae sd3s 0 5 (Shevach etal., 2014) JJJMG)U-
(HEMA) &3 Sk 3| oS 5 ytnY—J o5 ahes 5| s
OIS (Baei et al. 2016) ole S (You et al., 2011)

Tohidi ) dewsl S5, 58 /O3NS 5 (Hosoyama et al., 2018)

o )ls Ll o (et al, 2022; Tohidi et al., 2024

3 38 b S3L 4 ad SUle, 5 i b el
Sheslial s s 1) Gl ek 5o 5,08 Sl
i 3 gep o 5o GeIMA/ Lo 3T 2 85> 53 AuNRS
s Syl BBl b avglie 53 Jle Sdes

.(Zhu et al., 2017)

Sy o c]a.ﬂ «nl po ke (Norahan et al., 2019b)
i S ilulay 5 8L Wlg e O Slinis 5 318
.(Ovcharenko et al., 2020) &S |es | Jds
ol sl Sldlas ST 55 31 S sy e 5 4 4 S
ol JER 0 CRCI Y Sya (el S8 sl
5 0l (Sl sy 3l 5555 b3l 3 Of so5dll
S U aalin 53 358 aluled ol (S5 slas )8
il g e B8 e 5seelS Gl ls 0T Slinia
b adsbe 5 33 e it lad S 50 J sk Coas
A Gl ol (ol by s a8 e
Hitscherich ) GR/PCL _aJ $ib Cos 15 dle )31 S 0 e
s (Lee et al., 2019) GR/GelMA Jj, . (et al., 2018
31 (Zhao etal.. 2018) rGO/ vl pl (15 b A 5L salis

of V.:éjjjv.uk:aﬁb kg 2 QLZ\a:J:...f 38 ga

GO L 0lo S oS 5 5| i 5ol sl lodd e
DL ) B b il b glamglio b6 LSS UL,
0PLE Je o055 B Ols 250 & ol (oS 0
(Jiang etal., 2019) &i e S S SuiCiir 5 4zl

53 Blay GoduS oy 55 3150 5L Ol sieay TGO (sl o sMle

Sl xS ol S AE Gl (s aaky odselS 3l
Norahan et al.,) rGO/OPS wsle 3,8 50 2k 3L
(Zhao etal., 2018) GO/ w2y 5l (s 5 53 09,1 (2019
GeIMA J55,08 5452 53 TGO plesl L 355 o 3Lz

S 1GO-GelMA 35 dea S5) bilamse 23S 5 &5
s ol pedle g SNLGeIMA (55, Jsl sla nodIS
S fiy S s GeIMA 5508 53 (53la TGO (g4
Al 5 2550 el b (S Ol s e 8
Jeily SLasl 50l sdme w35 sl el RalS Esl,
elesl &8 A% osls 0L T, (Shinetal., 2016) 5 5% o fos
5l anS1 Sl i s il 3 el TGO
(S (bl ol s 4 B alsd s il
A Sty ders) s 2l s sabus
.(Mousavi et al., 2021) 553 o e (A3 slad g
Gl lajltlo b sy Corls (5,505 sanlllas s

51 eslizud L GO 5 (PEI) speul kil Ly 51 K00 s jon

!, Charge redistribution



VY V=Y0 ((VErE Olesl) F goslas VE (055 14 iy slacs s sls 5 ol se asllas /01, o bLiélJf CLG'“

(d‘) o o‘”’d’.‘rﬂ‘g o o 60‘?9 (u

o R -
———IE

DO o w— — p— — g 40 kDa

~
L 2
w™

EBCTRL
53 CTRL glass
£ APTES
D GO,
EGo,
E2.GO,PEI

Z

g

Ratio optical density/B-Actin
3

g

(¢)

Relative Expression Level

Relative Expression Level

GM o GM

W BC W= BP3 m=m BP5

>
¢ &¢ ¢

DIFFERENTIATION MEDIA (DM)

BC BP3 BPS

GROWTH MEDIA (GM)
¢TnT (39kDa) = A
aMHC (223kDa) -

Connexin 43 (43kDa) -
GAPDH (35kDa) ——

¢TnT (39kDa) - R
o«MHC (223kDa) g1 i,

Connexin 43 (43kDa)
GAPDH (35kDa) —— e ——

JKoze e Y s IS 65y el AS HL-1 glad ghes Jaoy Y/0 Nkx 5 £V eSS L gls Sl ol (! Y e
35 Oy Se slad 5 Slesdds Olpe (o ¢(Pilato et al., 2023) 0 ST S laa¥ sliws L GO 5 (PED) posl k3l Ly

Diedkova ) -yeSo Cilises (gl sliad L sddiosls 2 5 PCL glacensls (555 50 Sladl pws slacadly b (geddcis slad sho
la. J.l.; 6Lhd}l.w Cawwds PPY C)bbfb d}l;- &QJTSL’ J.‘_’l.w}.’l; duwﬂb S # o liiS H9c2 6L§d_’l.w J-LLQJ <C‘} (et al 2023
(Srinivasan et al., 2023) L sls Solis oly il 58l

Sl (AgNPs) o5 &3 56 a5l 3l sl AUNM
S S5 s Sl ol 5 (Allison et al., 2017) Jle

OLL ged sl (Barras et al., 2018) ks o LS 545

o 9e (OIS s le 53 0,8 D)3 SL plosl a5 ol o ool

Ol 255 5l 58 s Sl Sl colin s s
(Alarcon et al., 2015) das

ool o SOsUl Lbl e (MXene) (oS

O sl SO ol 5 VL S i b o Seds

o el s slae sl s o S 350 (opl o sdle

Ll 8 1S o sl S sSU1 L Lilgle SOOI s 5l as
Salos SLEl 5 Jhondshe Slicir 25g coxrse
5 A Zhuetal, 2017) 3,5 0 sddoly 5 ksl

@fﬂyijjc@smwuguw
S ool Ko Lol K& 5 o3l 4 LAUNM L
S W (g nie ol il Al e 5K S sla bl il
» osdle .(Abdelhalim, 2011; Chithrani et al., 2006)




\-Yo n(\i’i QLZ.M.JL) ‘Y 60)LA.~Z ‘\i So92 42.91.;.:.3 6[.&6)3&.'9} }]}A MM/O‘)&«A} Qm‘&f CLG.“ \Y’

bl sl ¢l Yoo oS (2ble,y sl (al, 2018
(PAND) T L (PPyY) Js,m L Lgd e eslizal LI
5 &S Lxeas (PEDOT) (b5 ~Slgs AsH-Ted) L
(6 =107-102 S/em) L,8 o 513 solvand slge (gazws
JREe .(Lalegiil-Ulker et al., 2018; Ning et al., 2018)

;.».L; gL.‘BL» L;w.b.@.o DL JJ.ULS 6‘;: LJL.«:) (5u)l.:.w.s c;ﬂﬁw
N CS IRCIVS SPRTR WUSET LIS DL P WOV A VPR
(Guo & Ma, 2018) L 4
L R NCF1- 5| IS Sy N YV e
R N T LT U Py TR T
Parchehbaf-Kashani et al., ) <ol o3 S Clr 555 4 A3

Lagsls sl 5 Jlasl coul 535 PPy ¢l posole (2020
IS Ik glaes S omils s aland s xSl oy s |
L Ol o 1y PPy B slad gl i, J 8 ) sheeas S
Wged gl s S 30T s bs S oS 5 calies 5 gee
PCL  lagks  Jols ppy sl ek slam Sl
/N5 ol g 59,3 BUI 55U ((Spearman et al., 2015)
Talebi et ) PCL /Ol oS ‘_;Larl:_% «(Kai et al., 2011) PCL
ola Bl Lokt bty ol s b slaca 1> ((al, 2019
Zanjanizadeh ) 5,5 s> PGS o) (Tsui et al., 2018)
Srinivasan etal.,) oL SU 3 u sl 5 (Ezazi et al., 2020
53 3 Gl e paamie (o5, See Ll (2023
oskiedas (slandlae 5 e Ol s 5l I3 il adige
2 Bl et bl 5 ol e s 51 4B

A ools axe 5 ppy S350 (b= oL SL sl 5L sl
350 a8 sls olis s b sl .(Srinivasan et al., 2023)

5 e s 2Bl dhex sl (S5 ol 25 LppY
oreen 5 Gk Slokiy 5 S (SXpE 5 ol
JAS ‘_;:/S.LQ.:« L;Lajf.}l..i.? ol

b H9e2 codligle (o3, ladshe dibe Consn i)

Sl el cpl a8 das o il 3l 6 sk 5U s yls 3z
5 K (ZF 59 ol H9e2 sbadshe SV L
S e pdu s, Jisoas (Song et al., 2019) O,
I, DA L sddesls by (PGA) (SIS o) /PPy

Sl 4 S 513 a5 3550 slan SIL wdige (gaie) Lo
b aws o) .(Koohkhezri et al., 2024; Lotfi et al., 2023)

Sl gosacl 5 bl Gols s ok ol
»> J(Asaro et al.,, 2023) £,ls |, PCL akexjl (sl
S sskea Sa5 50 Olpeas S 5l sladle
PCL 5 PEG oLt (s bs slam 5l Jlboon ol
Gl okt il 5 5 sladshe ik RIS e
s 1ssSL> .(Basara et al., 2022; Diedkova et al., 2023)

oSl 63,08 Jowily (Diedkova et al., 2023) ol s
555655 ey 3aad b e U ot gy PCL i) 5L

WY aw 5 9o besls idsy 055l glaca s &8 sls Ol
O 5 b ol SLas S ot ke Jlall S
o eeSe ol slacels s Jde IS8 e
(O JS8) Sl PCL Ll o ls 51 VL g 55 5
S5 L uiselS Ul Gl (s saddlas o
e ey 3 Ses sles ) TG T MXen 51655 058
Pl p e Sl i 1 S
AT gadlas ol Las b Ll b ol
Sl Gl 1 eddpwkign Ul Sk o i LU
s hlas iy 5 (Asaro etal., 2023) sls olis A5 csb

Godis » slassle o LB (Basara et al., 2022) O,
obiie Sl le b TisCoTy MXene/ J 5SS sl b 55008
355008 Sl s e 3L L Gl LSS0 UL
Olyea 3 slam ol s Slosdll el 5508
Ol 250 Gobsl 25 SOl gl Slass 5 S0,

.(Basara et al., 2022) 5,ls 3 gls LS

Llo, sl jlows —¥-V V£
S Wph o ciias I slge 51 glazas Ll gla b
S L wlie (63 pa pamie )5 5 S ol LS
UW 6J.<;“J g_)‘J}- u.pb?'- 4.<.L» cJu')b uLL«:)M.:.s 9
bl a0 OLES 5 5l 50 1, Asls 5 W) S sg
dboﬁdj&}&bjz uu;ﬁ‘fﬂbébﬂ)\ wd U'i‘
will 4 b o dy pl SUley 558 e sl ol (5 e
Nezakati et ) 5,15 Sz LOT L =is 5 Shlo glaes S



Ve V=Y0 (180t Olasl) ¥ (Gosla VE (o555 atd 1y slacs 5l 5 3l ge anliliad /01, 5 DL IS plell

«l 53 PANi sPPyCimss S L anlie 53 dizes 3
PEDOT: ) b ya) s ) il s PEDOT (sLluy S 300lS
2 e SASy Y5 ol 5552 L ediS 5 (PSS
Az 0L L Sleeass S oV pae 5 o
G304 (s s sanllas 55 (Roshanbinfar et al., 2018)

L PEDOT (slls, Ly 5 PVA 5 Qe Ol B L
63 S Jeilyy 350 Hsben Sl G 5 SIS
sld 4 S 4 b Sl sl Ol 5o b slag
bl Jdsa opl e sdle (Kayser & Lipomi, 2019) <!
CJ)UG_» LS‘]’ LAJ)JSQKL«..:) S LLM:) c)a.u U’:"":‘ﬁ
LSty S glacil s (S sSU sladtSn s Y 5b
oslazal Joho glajli, Laws gl p (SO S s Jles

.(Kayser & Lipomi, 2019) .l sl

B LS e 4 Sl ol ety YL
S 2SI g 5 3 gaoms 3 V=YV -8

Sl S fos glac bl Loas (G a1y 5y 515
Jyl & by sl il b ablis ol s plsoilanl
sk s Skl Ol s erly (SSU JUK
53 1y S S ol sl e S STy 3lse Aiten
oA Ole 1B Ly S sl 550 3Ll
5 Ox Jusl (Jska0ss bl colas sl 130558
bosoe (Liu et al., 2021) W5 oslizul ae glacalas
ad Sy pl (S SIS o S8 g5l oS ol pl s sl
S ol By slosle G b3l S S S s S 5k &
Gk, S (g U (olid il sy Udes
Coale 5 Sl 35ls S0 ECMOLS 5 5 plie
02 ool e sk Dltle dessl sl Oola e
SN GRS s Sl 5 Sdee S Slgsglse
sl U5 3,8 o Lane JT S8l slse o3 Olize 8
odle Alie mglan 53 e 5 St glal SO g0
S S5 515 (Chorsi et al., 2019) 5435 s o 5 ok

&t’.jﬁ‘jﬁ f"‘ E) (s dlas! )LJJ Cod MJJQ‘ .L_:.S}S)

3 5es Al g &5 i F IS Bl i oSS
3 1 WOM Lolil 5,0 il e S odS Lo |, 3
LS (5,851l
Sy dlize GUle, gla,ed 51 s S il L
Libe gskhe olgst |5 ol LI CBL wdige 53 eslixal
3055 s 53 o (SOl (8l
S s » (Qazi et al., 2014a) s ls oLl (g pdinl b
ULy B Glagm M5 55 Sl ol so0ls gl 2
5 0SY3 10l sS ndiGy ik sal p (S
50 s sl s (Kazemi et al.,2022) Sliws J g S

S oekdCl , slasltle (Sirivisoot et al., 2014) oIS

G5 nmd Jiooder oten) s IS el
PCL ol oy ;5,501 slalis (Roshanbinfar et al., 2020)
Sacasls 5w swdis,ds (Li et al, 2017)
«el 013 plonil (Qazi et al. 2014b) PGS s s 55 2SI

ls LPAN (g5l PCL/ 5V5 i 5U slacan s ||
53 il 5l e 55 S 5 b5l Cgllae o lan 558
Gil-Castell et al., ) Lud ale Sl /S pdsl b sl
3 S Calds (Bl liiiesy, (2022
Olg o 1 ol (ol g5 2SI Slas )ls (6 p iy 28
55 oS e o3 Ay 5 ol By JS L
P 5 gl ) (Jile S Jcpll
308 5 bl slased gl il Bl ol s i
Lalegiil-Ulker et al., 2018; Mota et ) L Sl wligs
Okl Blas a5 8 5lucns s 5 5mg ) skaieas (al., 2019
Slasdlae j .l 5L Slerd Mol Ll ko Conns
S5 oK PAni OUI Bl s el Ol

Olgeas PLA/PANE S 5 5l S atwp—ates il
ot S 3 b3l &ty Ol gieas PLA/PEGL PLA 5 aes

.(Bertuoli ct al., 2019) J\JLLL;G 2 g ’a)jmj:

W 685l 5 o oble, Wsa PEDOTI 5

Del Valle et al., ) sl 03,8 > 355 4 1y (Golows 4> 5

ol e slacals cl el LA Sldles (2007
il a5l LS sIl sla b Jleol b Bley (sla jacy

1. Coaxial Electrospinning



V=Y0 (Ve b)) oF (oslas VE (o555 b iy Slacsysld 5 3l g aslilad /01 Ken 5 OLESI IS elel! Vo

— 5= 5 S ssden b (PLLA) ded SSN-JI L of
Zaszczynska ) Liwa .LJJL’ 5 PHBV) &l Jly oS5 s
5 of glaedls S 5 PVDF (ols ol 53 (et al., 2020
Llodd oy it 45 Aes SO S5 sla s
Ll ol odd LKa5 —CH2-CF2- jage 5l ek ol
SAS US4 L 5 O3 slagsl cile sla ]
8 57 P slasl asd o e (€S ey Prea) o5k 56 =y
bl aole 5 dma Sl dabas glaslkiS (gl
A3 iolsl.(Jacob et al., 2018) ausS o s, G xSy 5
s b iS5 bl Bl vl bas LB ok U
Ll ks bl (Liu et al, 2017) el Sew
&ls PVDF U awslie |5 [P(VDF-TIFE)] sl 5,5l 5
Salolen) e Kook alexsl sk ol
PC/N) VL S Sl e Sl ol it
Sllae 5> Sl ol oL poenr 5 G0
ol e s o8 Glp 1y Of & (S5 as
. (Chorsi et al., 2019; Jacob et al., 2018) &S . Soli>

L ol twssol « sl PVDFl 55 SOT s o0l 4 S
.(Wang et al., 2018) Aise 35 chw el L Ol

s by Sy sl e ST s
5o Lol e cule Lol e g pboilan]
spe oty ool S Tl Sl b oavglis
L Snl s s 5y Shl 3o B Liladly ames 5 G 2S5 5 (255008
SNl ampe 5 S S 51 Sl bk
R e S3b kg (glacanls Ll (g es xS 5 08
CSLECM el 5 ol Ll SO S0l 5 sl
s a8 disly VU ohad 56 Ao s glils 5 oS e

(Lietal, 2019) ol Y S 15 5

Sl el )50 sy n Sl Ot (s Sl

Ol 5 Sl 23S Jleel U oS iS55 GUI el
Gl & 5 S s L G BIL S (Sl
Ribeiro et al., ) 553 » 2w PVDFOUI 55 G xSl s
S ol e s s Sk Q018
BaTiO3 tils e gze ala 3553550 3 (6ol (Sla s 5o
sy ASt o5 olyigl (Kabir et al, 2022)

«(Deng et al., 2019; Fotouhi Ardakani et al., 2022 )(ZnO)

A Ol 4 mal s ele SO 5s) e S
Alas o absse (S5 S e el 3 (etddles
Jos e lacsl (3Ll (6l n S e Olssas Ll o0
SIS Sl s sl ol gladle s S
SLAE Olpea bjluyim 5 bSalwgsy dox
S5 Db ekigs 3 308 Gl lediS sl
s ol Bome i ol 03 oS Ao el (Sl
g e wtls  slge S
WSl g 50 — Y=YV 4

b S ca e b (PZT) Sl SUS 5
3313 (S S s 53 les S 58 Yo e YO pCON
2 esliel (S pan 5o Llgsed Coan o s
(@33 = 191 pON) ols sl sl pssy sl
V.w;l.g e V“"J LiNbO3 (d33 = 23 pC/N) BaTiO3
(d33 = 160 Na0.5K0.5NbO3  (d33 = 98 pC/N) =il s
g5 An o3 aslie 5 cins Koz Jdsa 5 PON
Zhang et al., ) &)l mtlasl wdige 53 (6350 3 )8
S i U 32933 3lsm Ol sieas Y gens slse (ol (2023
5 Sl ol Bldas 1) )l B sl e ealind
I3 e 5 gl BaTiO3 Ole opl 5o s o sy SO
Gt 4 Bl 2 esdle Oy (onl sl eslizd
(Khalil et al., 2023) &S 0 &S 55 I3 2

s g5m YY1 £
S sl S ol S
3 Spdklledl G i LSl o
OSUS Sla sy K5 o Lies (6 g OB Sl
Ol o 1 3l gm 3l azas ol SO Sl 5 ol o 055 S50 5
LSy b luesbl 5 cole by, 2ol
L S Jlesl 5 ol Sldas 03l plail s o5 33150
(Ma etal, 2019) 55 J =5 iS5 G szl 53 ikd
Wl e S sl &S Wlesls 0L Sl

5 Sl Sl 3l Gl wdige sl geca 3 Sl

Marino et al., 2024; ) &S n)ﬂﬂ s PO
bl ab S5 slaslws (Najjari et al., 2022
S sm bl 5 ke (BSOS DS
S ek sS 5 (PVDF)Ll s pados L bols o 5ne




1 V=Y0 (180t Olasl) ¥ (Gosla VE (o555 atd 1y slacs 5l 5 3l ge anliliad /01, 5 DL IS plell

Glasls s oglle Gble gl O adsS
5 13 e Sapde Mo Ysens LT S
Tﬁ>‘-| sk ol 6l el 3 gdoa O] o S8 sl
sl 5 pheuASoans bk 51 S
Sl (S S o sl (6 Ol S Sl 5
Gl il J S Sl 5 laolSaws Olgea b il
Llas S 13w s, (Sidnsd o n ool
LS sl 0L slanlllas 53 i ga 5l (Adadi et al., 2020)
A8 4 ey SO Sl W sl Ll o s Sl S
(Tai etal., 2021) 3,5 PLLA G 5L 55 .
PLLA S sSU1s 5 OUl (6, Sir 5 ool S3 0L
o5 ped 208 o 53l Sladshe S a5 B U
Saosh bS5 sl 51 05 (S SF) oy
Yucel et) el 515 S 8l bl 8 ol a5 LG
oA Ole plesl o8 sl eals 0L Slalllas (al., 2011

s s el sk s D e s 5 L
2 B S 5 Gk Slae;s VL S
it 5 S Sl 5y ol ad e 5 25 e SUI

.(Sencadas et al., 2019) 35 o0 odalin

L5 or S ST 5 Sl A3 Ol 4l 4 x5 L

S8 I S syl IS o0 Cow s S ST Ol
sl B g5lsb gl p s (SO SISS a l lesdll
S5 sl SOy S bas gl Sy
Lo 5 odinslrl L1 (65,0 (5, S eIl gl oYU il
Ol o (SKisdsm pham Slp ol pudige 8 slacil,
Syl 5 3 eslinal csls b ys b Ll syls a8l
ShaS a&a Jle (gl il anils 1 5 ol gla il
C‘jo‘ u.:\ ‘JJ»LL;“ oalaul Jﬁu Q‘j,&d.» Q),.p 6‘)}[.& C\y‘
Cafarelli et ) L & e Ok Sl Lu g coul Sas
Shsle gloal o5 o5 L S im0l s(al 2021
(rl Al el dgdee O F D Gaee slail gl 2 s
Ol il 5 o oS 5815 S0 3l 0 (Sanm 8 512 (M Sy
Sy S wal b S G bl a1,y S slaglie Lol

yls

Moghadam et al., ) (MOFs) \ g3l JT sl sl
oslezwl (Abbasipour et al., 2017) LWCNT 5 GO (2020
Usbows 55 535 2peS) (slaa S50 lisl Jlio 511 2355 0
g 53 b srbse S Olds Ll e PVDF
53 BB Glsme a8 Gl &S s SRl s S
Sl s s st e el s S SUISL
Ll Sl by e sl S boles a0l Sl ol
oL et cSlaslllas > (Deng et al., 2019)

2 e slce)ls o LB (Hitscherich et al., 2016)
3 sbd e 4 ool gladsle LS s |, PVDF-TIFE
sdinbml S S gla LS 51y Ol Tl LS e
Sk sk G5l edisloel SOlSe 35
b o sbedsle s Slal 5 Jole Jais &

S g 3 Shas (Adadi et al., 2020) O, 5 (s30l

ool S5sse < 5 PVDE-TIFE o 501 Gl
PVDF-TrFE GUI A% 6313 0Lis andlas opl 55053 S ooy 5

(#2128 (5 S g L BUI L a5 (g5l 8 g b
Sl i s oLl S Slaly ¢l ke 2UlS
ol s AL B osh b asss il e CM
PVDF- 6lid 5 oo 5 oyl o sDle ils yigs LSl
WCM 4 WiPSC 3l sl slabole Ol yisas o g L TIFE
STy S laca s (53,05 ool o eslizad
by 5 QLB Sl wige 3 LSt 318 5 PVDF (sl
Doustvandi et al., 2023;) a& b3l s laey S
-(Meira et al., 2024
38 Ll gl sl oS A enls Ol ladllas oyl s
5 PVDF )by ganpSly il ol a5 bl
55 S i) 3 Jols s s |, PVDF-TIFE
Sl S Ol 3 5 kB il £33 ol S 5> 0L
PVDF i sl geddudipn Compls ipls |, 3
Al S S Ol o S s L aktels
Gibsl H9e2 lad s J‘b b SRlH 4 50l
S ek S G S S e S
5 PVDF = S| (Golafshan et al., 2024) <ol G xSl 550

1. Metal-Organic Frameworks



\-Yo n(\i’i QL".M.JL) ‘Y 60)LA.:~' ‘\i So92 4\2.9)..1.& 6[.&6))&.'9} }]}A MM/O‘)&«A} Ow“}f rL@J‘ \V

5 Jixe BaTiOs & fate g4l 3 b5l SSKe 2s
(s sallle 53 g e e (S S IS W5
&‘P‘ﬁ S L PVDF-CoFe;O4 « iyl 3 = <
Skl o pbline S e by OLES @Lﬁ et al., 2024
C«.«fﬂxéﬁé)ls Lsudjl‘” L: ﬁ‘w‘ u.ﬂf.w‘ ‘50.)‘;«:%1
V...Ja...? S eblae G roman L ASL atils
Sl B 5 el 2 o 5T el s el D5m 5 5
Cobl wblas s Ol geas PVDF-CoFerOs 35 50l
b J)led u.ﬂj:S)La.s‘ )‘w..loJ%bg_ﬁ:.wT J)led thl) OLG)J
M Gl omblae lallle 51 a8 (g3lse candl 5yl
s s LY pems (S o oslinal S xSl sla LS
g Ll el ol 8 L b OBl s
| S gdo=s g_,.LO| oJui':Juujjj gfi'ijj‘{” Q‘)J ‘O’l‘ﬂ°3w el
ol o i bl (5L 3 31 Ol A5 0330 5
LS‘J" J\jﬁ j—‘)b c‘\.?;s.ﬁjé J.Sk;é AJJN b L;ls &bls 3
S A 4 ebliin Olae S eslizd b 0l A

a1 5Ll 5 Sl

S S g 5 M o 5L —0-Y-V—¢
gl 5l s S (TENG) "o il 5 sladlsa sit
L SO 5 s B b5l el glaalele
YOy R o5 0L sl sl oS s (S U1 655
WTENG gs bl 5l S .(Fanetal., 2012) 5 S slgiy
55 Ol Sola s 8 > 51 (g5 50 cils s ol Ul
Sl oS 5 B Ol ll) S e 0 jag s, (S
il s S, IS W 55 (656 .(Dong et al., 2017)
5 Ol g 5 Jeol 3 il il gl 55
Gz )8 3 age LB 5 el gl Sl xS S
o3l 3L (3L3l 5 S Sy xS ahes ) Sy
S S g 5 slad) 5 5L sailala (Zhou et al., 2023b) s
(AL e A 5 Y biledd LSS i Sl
Sl selsSmer Y (S OL el el g

S S 2K o g5 £
sgacess 3l S Glaws ME) S Sl 2K

st |y S S Ol Al g o oS A SG SN es
Ol ol Sldllas S Jlesl 5 glad g 4 ol
OA3 Jled el wblin Olus 5 b3l S o oS ol 63l
S et iz 5 Jshor s 53 sdate Gule (sl S
Ferson ) s 53 oo Jho cdled gl (sl Jav o SIS
Bl sl e (53l Jbe sl (et al, 2021
S35l sl Jebse 5 Sl Sl S 5 L s Shes
o mbliie S o ;\ 23Ul 5 pblite (odimsgenly
Olee G 25 ol 53l (Sapir et al., 2014) ol ol 51,
Fok o 8l JOkl laee S350 b S5 b biline
G 3s Qb b Sl eddplnal gladsle o5 Shes
sl Sizey (Jl=2IL (Sapir et al., 2014) &S o sle]
Sl e et S eblae ol
(Ol LS o ssdeme [y Gublie 5 anen S ol ilen
scbline G Olajan J 2S5 mibline 3150 (Sarw 5
Gl 4 ol blae Ol dlesl L SSTI
S5 3 Vpmme s paly ol ol el S K
Ll e o 0 S S50 6l edl b blis Sl 3500
S e pblite Ols 53 0T 85 13 L s
LS o el B slee ladshe sl L SO 5 (S
&olpl Olyeas EABMSs i atws opl (Kopyl et al., 2021)

Sl 53 357 50 b SAS e LB (Gl L))
el ol &l AT Ll s 0 S sl e
Slapdd & ol eals 0L s sla L)l 5 axlllas el pal
5l 5 55 5 e <obls PVDF(TIFE) CoFexOs (s pma
Sle s sl o b3l C2C12 oy oo slad ko
sasllls 5> . (Ribeiro et al., 2020) Lyls |, S S G/
cir ol 3l (Qietal, 2022) as 5 76 S (g,
Gl g aten Sl b 3 bl (S SO bl
S 2ls QL S As S o BaTiOs 5 CoFe04 Iz
5 ES o s (pbliae Qa5 gl ol (3 S 513 L
b e IS i s Sllu  pblite slacis> Ji5

1. Magnetoelectric Biomaterials
2. Fangwei

3. Triboelectric Nanogenerator
4 Wang



A

V=Y0 ((VErE Olesl) F goslas VE (055 14 iy slacs s sls 5 ol se asllas /01, o bLi‘.élJf CLG'“

A E S8 513 amm st (BW) §jansid Soeios 5 (RP)
5 Dbt S I 555 Shas ailabe ol (o
VY 5 sV S S 0Lz s s W Sl L
by Sble pl e pbaes s Ol el S
aalllan (ol 53 350 o J S el mSLol SF 4 S slaeY
LCM 5Ll 550 5 5ot bl el 5] o8 i els 0L
Olys gl o 3555, 8 241 (SO SIS o5 51 e U
5> (Jiang et al., 2018) 55, » slad 4 LB Y|
33 81 SF 5 e slsiie slacensyls o6 505 (sanlllas
GPSCs) L&l 015 ook sbadsh i pmeseanlS plas

Ll,s 5 I8 geddsslaans oS > 5l g5 s b
gt J<o (Tufan et al, 2023) s > b Ao LS
S el 530l s e 0l 1 wlle opl Soles

2edle (B Sl wdige 53 WTENG ()5l (55,5
(B Fsk sl SRRl bl S & o
Losbosl @b Jowe 5o 5 a3l Ol 5o opllad ol

S o pal L S g s asds

Macério etal., ) S 31 ,L godcSe 03 s 5 S Sl
0433 (o plad Sl Sl 5o g 6l ol (2022
e s e w5 b T s 1SS (s
Ohesn ORS1 Olo 558 5 (PTFE) At 5,55 5081 5 L ile
e Y Olgsay CLel YL 0, 1 oils s (FEP)

aj:.b E) V..f..lﬁ‘ cd‘}lil-’ Lole Lgb‘y(;\.w{) E) .5‘5...:@ oalal

.(Macdrio et al., 2022) X 3 o eslital oo oY Ol geas

oo el gy (2D) dass sl Gl sadle s
L = 4 cla.,« G Sy S5 5 sl 51,535 550
S R WS PO VR PSSO W S PR [ ST
.(Zhou et al., 2023b) Klaz S I 3 a5 5550 Skl 5 Sl

C-’\c—d‘}—viéﬁ U.Jw:.]j.a agﬁbf Lole Q;':'jl.d.l» LT .3“5.»
& s Mxene (TMDs) aauly Sl slans SIS s
Gl ods 518 TENG ol 53 gdauss slad n
Jiang ) 0L, 5 Kl 4305 < (Zhou et al., 2023)
Sheslaad U1y sl Socws; TENG (et al., 2018

Silk fibroin scaffold

(&)

Bombyx mori
cocoons

>
N

Differentiated

Sl eige 51 SF L s TENG salule (¢ 5 (iang etal., 2018) b sbojory » s TENG sailaba (0 5 (Gl 6 IS
(Tufan et al., 2023) _J3



V=Y0 (180t Olasl) ¥ (Goslas VE (o555 1atd 1y (slacs 5l 5 3l ge anliliad /01, 5 DL IS el 14

S 03551 a3 Gl ki g slas Sy
G Ol l 53l e sbml I8 3L Ll
SLS e sbml 5 AE 4 2B S edips sl e
05 3 il Bk Lo (SCpdan 5 albeedsn
581580 sl S8 Ll 4 S 13 Ol x5
ol o S S laiS oo s S sl ol g 5 Bls s o g0 ao
Be 0331 palp e ol SO GaS e b
el s Jsl e S SO s SolSlled
el sl 5 B sladsle o (S s
Ol 53 S5 OBl Wil Jshamd sl (S Sl
LS bl (39,0 A Glagle

oS Sl sl 580 s b8
Sl lsl s s Gl ) o sles S, (S
slee ols 5l Glaods V Jsds ol o35l se s 4
el B 3l pdige 3,208 3 0T SGbB 5 515 Sl

Slod S slaspaly Gana s 4 Llg 0 D5 0y ]
Sosbd opl ez 810 e B L)l S Ol 61
LSLAQ.W..:)‘J 64}.«4}3 BL) | Jj?'- &‘J&J &\f BEISEY

.J)‘J LS!‘JWJ ‘):'.rl.v o)})a.w.,\.q- wa‘)

ltir 5 (6 8 o —0
3 Fosn e 5 B Gladse Fob el
ol oI las S b ssbea AL
B el sleddte (5 slagls 6 S8 5 axw s
Lo 3 odd pige slasilu oS (AT e o
Sl 0k Olses O b ojles pl clie Wigy 5 (250552
S el b Oliie 51 (gl S oy oSty o
wlie e sy sbml o )5 LB Bl ab laee (654 5 3
s (ool gladhe gl 2 (505 b 5o CIB AL L
5 s el e gladless (gl syl o8 sl b

Sldle 55 Xl 5 S ,e— I3 Ohles S5 e dasl il 53

Sl ekige 53 51 S e 5 Shas 5 ol Sl Slasd ) Jar

ULwJ :‘yé.mgj ‘S‘.}&b}:{, :‘yé.mgj P
oo\ - SIS | S Sl S
oS el | Meal | edeal p | Kol R 9
O3S & pa b
ool L b Kews b3
_ QJL:LA) (God 9d>s 4> &0 JJ
4 55515 I " bl 035 5> L
[T [H ; R O 2R
- - L;W v)\"f’ﬁ‘ e S <™ -
S gl e S e - -
(G: 10 7_&\4 N c=10 -10) CN " -
. ? L =Y.
S d p
10 % $/m) ¢ S/em sk B
T Yoo pC/N PVDF
.
U3 CSICHUVE S 5 VCIVOTE S BRI IMCIVOTS S Y- {WICINS S (NI | CIOT G ACIOES S D1 | RGOS ) (R C | eI
Ol 55
i _ B @L. o
sla Sl _ S8 5 Sl ol .
Ol 25 &2 Shes S35 S5
ozl 3 Ol s i _ S5k ) .
_ sl L P B slad sk Jsbe elal
£y eSSl ‘_gu_}.{.}l.i_} J»L.., _;.G L;LanLi; ol
slacs 5 ozl Sl B
L s o3l 6.13 L_;l_'é ; L, oS
_ D o Dl s . SO o 9 (S ~ B
Sk s Sas . ERANNIWAS|LY ) ) SS e el 55
JQ.:_.,JS }i\"&:ﬂwls _ 6&@2}}!:&&‘;?’;)}:6)1}\4&
. o Wy s . ' - ) 03 slad s S PWINESILY
))"L“.:}A BaEEE _ Qﬁmja.ﬁjg_émdhm\
= S sty | sk doke
a0kl S slagntsn .
Les|
550k 3o
sbul
Bl b b b e e e e
@l gbad s




Yo \-Yo g(\i'i QL".MJL) Al 60)LA.:~' NE So92 4\2.9)..1.& 6[.&6))&.'9} }]}A MM/Q‘)&«A} C:L:.élJf rL@J‘

cwl_i sy lagyls a8 ol S e cujfcwb sl g ) eslanad
C3L etiga LS o 35T Lol (S35 SIS 4
a3 OF 55 45 sl (6 K03 50357 sl (S s
Sl 155 e OT s o 1] g 55 LB Jouslty el 5o
Sdr DUl 5 W eslinal 3L oo 5 5 (5Ll s S
Sy Jold oS dms 1) sl 5 il Oleys sl

W} J}Lu L )‘ S ol &uwjjlﬂ_} LAC,.M..:)‘J

6)‘}{01‘?\& -1
Sy s @l sl 65515 S e 3l absont
o2l s s (Fodo dgd (S p ke o850 el

=S
e

1. Abbasipour, M., Khajavi, R., Yousefi, A. A,
Yazdanshenas, M. E., & Razaghian, F. (2017). The
piezoelectric response of electrospun PVDF nanofibers
with graphene oxide, graphene, and halloysite
nanofillers: a comparative study. Journal of Materials
Science: Materials in Electronics, 28(21), 15942-15952.
https://doi.org/10.1007/s10854-017-7491-4

2. Abdelhalim, M. A. K. (2011). Exposure to gold
nanoparticles produces cardiac tissue damage that
depends on the size and duration of exposure. Lipids in
health and disease, 10, 1-9. https://doi.org/10.1186/1476-
511X-10-205

3. Abedi, A., Bakhshandeh, B., Babaie, A.,
Mohammadnejad, J., Vahdat, S., Mombeiny, R.,
Moosavi, S. R., Amini, J, & Tayebi, L. (2021).
Concurrent application of conductive biopolymeric
chitosan/polyvinyl ~ alcoho/MWCNTs  nanofibers,
intracellular signaling manipulating molecules and
electrical stimulation for more effective cardiac tissue
engineering. Materials Chemistry and Physics, 258,
123842.
https://doi.org/10.1016/j.matchemphys.2020.123842

4. Adadi, N,, Yadid, M., Gal, 1., Asulin, M., Feiner, R., Edri,
R., & Dvir, T. (2020). Electrospun Fibrous PVDF-TrFe
Scaffolds  for  Cardiac  Tissue  Engineering,
Differentiation, and Maturation. Advanced Materials
Technologies, 503).
https://doi.org/10.1002/admt.201900820

5. Akiyama, H., Ito, A., Sato, M., Kawabe, Y., & Kamihira,
M. (2010). Construction of cardiac tissue rings using a
magnetic tissue fabrication technique. International
Journal of molecular sciences, 11(8), 2910-2920.
https://doi.org/10.3390/ijms11082910

6. Alarcon, E. I, Udekwu, K. 1., Noel, C. W., Gagnon, L. B.
P., Taylor, P. K., Vulesevic, B., Simpson, M. J., Gkotzis,
S., Islam, M. M., & Lee, C. J. (2015). Safety and efficacy
of composite collagen—silver nanoparticle hydrogels as
tissue engineering scaffolds. Nanoscale, 7(44), 18789-
18798. https://doi.org/10.1039/C5SNR03826J

b Ko b diedipa slpacm s plesl sl slleis

S Ol K3 (5 slagwl » ol ¢l
AS e el L el pand 5 Jids S
Sges 53 DN S Lls 1y el ol Aad a5l gaens
S sl gl SUGl 5 S slel (S
GlaolSins (3l wdige (ols b eldgila el
Sy A Wbl GasiS 5 bl 5 S
Joily diedpa sl gan 3 O 3 & ol Glojm asi
e ool bl Lol Gl b das e L1 e 55 L6
S bl ol G el Sop 4 0lg e o
{,Jppmdszpgw.g}uo.&ﬁbdgmvuj
Ol o 5515 oSl sl ga il 5 80 /5,80n (o5l el g
il B S S S o e e gl glalless Gl
o glagsld sseb e Gl ol Bl e 5 LG
S ) e S,k iz sl e 5e 8 e
(Sl sl Ll e w5 B eSS
Ol s ale S0l oo (sl ey G s
s Ao by leag dlael Ol Cde 5 S8 5
2 LB S SIS o slaelSans (ol b Stnn 5
Db s ARl Ll s s ol 5 J S LB L
SLd iy a4 ey Lol S5 0L a2
SLS e @ Sl sl 3 Shae odals s
S5 b 3L s (SS GladbS W 5 s (S
© 0SS cldde ool o Saal 5 cul g
slazdl ¢l b Glagrn ~Lb S S gladlie
Lile 3l ge 56l eslizal ‘Qi\ﬁap&; 3l ga 5lpds 1y el
Lol col wdge L3 (ONTS) oS slaalyst
pon sl 53 Sl3HL pend 5 Cpaw a8l bl
Lyl s s oasiy sl ol 51 eslimd plaly ool
Aol S Wl S Kl e L s AL
o sl Ses 5 Bl G oLl el
by gai iy b cwl ke Sl sladie 5 bl
W3l 5 o Had g 3l gain s OF 53 oS sl (6 05 (5055
Ladda Slassls 038 dleb bl axils g5 6 56
L Sl 2ulse WlE o Ladigr Slpalens s coddd 25 5
Jols S ol iy spar ) Oloys mls 5 das als


https://doi.org/10.1007/s10854-017-7491-4
https://doi.org/10.1186/1476-511X-10-205
https://doi.org/10.1186/1476-511X-10-205
https://doi.org/10.1016/j.matchemphys.2020.123842
https://doi.org/10.1002/admt.201900820
https://doi.org/10.3390/ijms11082910
https://doi.org/10.1039/C5NR03826J

V=Y0 (Ve b)) oF (oslas VE (o555 b iy Slacsysld 5 3l g aslilad /01 Ken 5 OLESI IS elel! \R

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Allen, K., Bandl, A., Pachter, N., & Hookway, T. (2024).
Short-term Electrical Stimulation Impacts Cardiac Cell
Structure and Function. bioRxiv, 2024-05.
https://doi.org/10.1101/2024.05.19.594880

Allison, S., Ahumada, M., Andronic, C., McNeill, B.,
Variola, F., Griffith, M., Ruel, M., Hamel, V., Liang, W.,
& Suuronen, E. J. (2017). Electroconductive
nanoengineered biomimetic hybrid fibers for cardiac
tissue engineering. Journal of Materials Chemistry B,
5(13), 2402-2406. https://doi.org/10.1039/C7TB00405B
Asaro, G. A., Solazzo, M., Suku, M., Spurling, D.,
Genoud, K., Gonzalez, J. G., Brien, F. J. O., Nicolosi, V.,
& Monaghan, M. G. (2023). MXene functionalized
collagen biomaterials for cardiac tissue engineering
driving iPSC-derived cardiomyocyte maturation. npj 2D
Materials and Applications, 7(1), 44,
https://doi.org/10.1038/541699-023-00409-w

Baei, P., Jalili-Firoozinezhad, S., Rajabi-Zeleti, S.,
Tafazzoli-Shadpour, M., Baharvand, H., & Aghdami, N.
(2016). Electrically conductive gold nanoparticle-
chitosan thermosensitive hydrogels for cardiac tissue
engineering. Materials Science and Engineering: C, 63,
131-141. https://doi.org/10.1016/j.msec.2016.02.056
Balint, R., Cassidy, N. J., & Cartmell, S. H. (2013).
Electrical stimulation: a novel tool for tissue engineering.
Tissue Engineering Part B: Reviews, 19(1), 48-57.
https://doi.org/10.1089/ten. TEB.2012.0183

Barras, F., Aussel, L., & Ezraty, B. (2018). Silver and
antibiotic, new facts to an old story. Antibiotics, 7(3), 79.
https://doi.org/10.3390/antibiotics7030079

Baruscotti, M., Barbuti, A., & Bucchi, A. (2010). The
cardiac pacemaker current. Journal of Molecular and
Cellular Cardiology, 48(1), 55-64.
https:/doi.org/10.1016/j.yjmec.2009.06.019

Basara, G., Saeidi-Javash, M., Ren, X., Bahcecioglu, G.,
Wyatt, B. C., Anasori, B., Zhang, Y., & Zorlutuna, P.
(2022). Electrically conductive 3D printed Ti3C2Tx
MXene-PEG composite constructs for cardiac tissue
engineering. Acta biomaterialia, 139, 179-189.
https://doi.org/10.1016/j.actbio.2020.12.033

Benjamin, E. J., Muntner, P., Alonso, A., Bittencourt, M.
S., Callaway, C. W., Carson, A. P., Chamberlain, A. M.,
Chang, A. R., Cheng, S., & Das, S. R. (2019). Heart
disease and stroke statistics—2019 update: a report from
the American Heart Association. Circulation, 139(10),
e56-e528.
https://doi.org/10.1161/CIR.0000000000000659
Bertuoli, P. T., Ordono, J., Armelin, E., Perez-Amodio,
S., Baldissera, A. F., Ferreira, C. A., Puiggali, J., Engel,
E., Del Valle, L. J., & Aleman, C. (2019). Electrospun
Conducting and Biocompatible Uniaxial and Core-Shell
Fibers Having Poly(lactic acid), Poly(ethylene glycol),
and Polyaniline for Cardiac Tissue Engineering. ACS
Omega, 4(2), 3660-3672.
https://doi.org/10.1021/acsomega.8b03411

Buzsaki, G., & Draguhn, A. (2004). Neuronal oscillations
in cortical networks. science, 304(5679), 1926-1929.
https://doi.org/10.1126/science.1099745

Cafarelli, A., Marino, A., Vannozzi, L., Puigmarti-Luis,
J., Pané, S., Ciofani, G., & Ricotti, L. (2021).
Piezoelectric nanomaterials activated by ultrasound: the
pathway from discovery to future clinical adoption. ACS
nano, 15(7), 11066-11086.
https://doi.org/10.1021/acsnano.1c03087

Cahill, T. J., Choudhury, R. P., & Riley, P. R. (2017).
Heart regeneration and repair after myocardial infarction:
translational opportunities for novel therapeutics. Nature
reviews  Drug  discovery, 16(10), 699-717.
https://doi.org/10.1038/nrd.2017.106

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chahal, A. A., & Somers, V. K. (2016). Ion Channel
Remodeling—A Potential Mechanism Linking Sleep
Apnea and Sudden Cardiac Death. Journal of the
American  Heart  Association,  5(8), ¢004195.
https://doi.org/doi:10.1161/JAHA.116.004195

Chithrani, B. D., Ghazani, A. A., & Chan, W. C. (2006).
Determining the size and shape dependence of gold
nanoparticle uptake into mammalian cells. Nano letters,
6(4), 662-668. https://doi.org/10.1021/n10523960
Chorsi, M. T., Curry, E. J., Chorsi, H. T., Das, R.,
Baroody, J., Purohit, P. K., Ilies, H., & Nguyen, T. D.
(2019). Piezoelectric biomaterials for sensors and
actuators. Advanced Materials, 31(1), 1802084.
https://doi.org/10.1002/adma.201802084

Cui, H., Liu, Y., Cheng, Y., Zhang, Z., Zhang, P., Chen,
X., & Wei, Y. (2014). In vitro study of electroactive
tetraaniline-containing thermosensitive hydrogels for
cardiac tissue engineering. Biomacromolecules, 15(4),
1115-1123. https://doi.org/10.1021/bm4018963

da Silva, L. P., Kundu, S. C., Reis, R. L., & Correlo, V.
M. (2020). Electric phenomenon: A disregarded tool in
tissue engineering and regenerative medicine. Trends in
biotechnology, 38(1), 24-49.
https://doi.org/10.1016/j.tibtech.2019.07.002

Del Valle, L., Aradilla, D., Oliver, R., Sepulcre, F.,
Gamez, A., Armelin, E., Aleman, C., & Estrany, F.
(2007). Cellular adhesion and proliferation on poly (3, 4-
ethylenedioxythiophene): benefits in the electroactivity
of the conducting polymer. European Polymer Journal,
43(6), 2342-2349.
https://doi.org/10.1016/j.eurpolym;j.2007.03.050

Deng, W., Yang, T., Jin, L., Yan, C., Huang, H., Chu, X.,
Wang, Z., Xiong, D., Tian, G.,, & Gao, Y. (2019).
Cowpea-structured PVDF/ZnO nanofibers based flexible
self-powered piezoelectric bending motion sensor
towards remote control of gestures. Nano Energy, 55,
516-525. https://doi.org/10.1016/j.nanoen.2018.10.049
Diedkova, K., Pogrebnjak, A. D., Kyrylenko, S.,
Smyrnova, K., Buranich, V. V., Horodek, P., Zukowski,
P., Koltunowicz, T. N., Galaszkiewicz, P., Makashina,
K., Bondariev, V., Sahul, M., Caplovi¢ova, M., Husak,
Y., Simka, W., Korniienko, V., Stolarczyk, A., Blacha-
Grzechnik, A., Balitskyi, V., Zahorodna, V., Baginskiy,
L., Riekstina, U., Gogotsi, O., Gogotsi, Y., & Pogorielov,
M. (2023). Polycaprolactone—MXene Nanofibrous
Scaffolds for Tissue Engineering. ACS Applied Materials
& Interfaces, 15(11), 14033-14047.
https://doi.org/10.1021/acsami.2¢22780

Dong, C., Fu, Y., Zang, W., He, H., Xing, L., & Xue, X.
(2017).  Self-powering/self-cleaning  electronic-skin
basing on PVDF/Ti02 nanofibers for actively detecting
body motion and degrading organic pollutants. Applied
Surface Science, 416, 424-431.
https:/doi.org/10.1016/j.apsusc.2017.04.188

Doustvandi, B., Imani, R., & Yousefzadeh, M. (2023).
Study of Electrospun PVDF/GO Nanofibers as a
Conductive Piezoelectric Heart Patch for Potential
Support of Myocardial Regeneration. Macromolecular
Materials and  Engineering, 309(1), 2300243.
https://doi.org/10.1002/mame.202300243

Dozois, M. D., Bahlmann, L. C., Zilberman, Y., & Tang,
X. (2017). Carbon nanomaterial-enhanced scaffolds for
the creation of cardiac tissue constructs: A new frontier in
cardiac tissue engineering. Carbon, 120, 338-349.
https:/doi.org/10.1016/j.carbon.2017.05.050

Ebad, M., & Vahidi, B. (2022). In silico analysis of stem
cells mechanical stimulations for mechnoregulation
toward cardiomyocytes. [International Journal of
Engineering, Transactions B: Applications, 35(10.5829).
https://doi.org/10.5829/ije.2022.35.11b.18



https://doi.org/10.1101/2024.05.19.594880
https://doi.org/10.1039/C7TB00405B
https://doi.org/10.1038/s41699-023-00409-w
https://doi.org/10.1016/j.msec.2016.02.056
https://doi.org/10.1089/ten.TEB.2012.0183
https://doi.org/10.3390/antibiotics7030079
https://doi.org/10.1016/j.yjmcc.2009.06.019
https://doi.org/10.1016/j.actbio.2020.12.033
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1021/acsomega.8b03411
https://doi.org/10.1126/science.1099745
https://doi.org/10.1021/acsnano.1c03087
https://doi.org/10.1038/nrd.2017.106
https://doi.org/doi:10.1161/JAHA.116.004195
https://doi.org/10.1021/nl052396o
https://doi.org/10.1002/adma.201802084
https://doi.org/10.1021/bm4018963
https://doi.org/10.1016/j.tibtech.2019.07.002
https://doi.org/10.1016/j.eurpolymj.2007.03.050
https://doi.org/10.1016/j.nanoen.2018.10.049
https://doi.org/10.1021/acsami.2c22780
https://doi.org/10.1016/j.apsusc.2017.04.188
https://doi.org/10.1002/mame.202300243
https://doi.org/10.1016/j.carbon.2017.05.050
https://doi.org/10.5829/ije.2022.35.11b.18

YY V=Y0 (180t Olasl) ¥ (Gosla VE (o555 atd 1y slacs 5l 5 3l ge anliliad /01, 5 DL IS ekl
32. Esmaeili, H., Patino-Guerrero, A., Hasany, M., Ansari, 45. Hosoyama, K., Ahumada, M., McTiernan, C. D., Davis,
M. O., Memic, A., Dolatshahi-Pirouz, A., & Nikkhah, M. D. R, Variola, F., Ruel, M., Liang, W., Suuronen, E. J.,
(2022). Electroconductive biomaterials for cardiac tissue & Alarcon, E. I (2018). Nanoengineered
engineering. Acta  biomaterialia, 139, 118-140. electroconductive collagen-based cardiac patch for
https://doi.org/10.1016/j.actbio.2021.08.031 infarcted myocardium repair. ACS applied materials &
33. Esmaeili, H., Patino-Guerrero, A., Nelson, R. A., Jr., interfaces, 10(51), 44668-446717.
Karamanova, N., T, M. F., Zhu, W., Perreault, F., https://doi.org/10.1021/acsami.8b18844
Migrino, R. Q., & Nikkhah, M. (2024). Engineered Gold 46. lzadifar, M., Chapman, D., Babyn, P., Chen, X., & Kelly,
and Silica Nanoparticle-Incorporated Hydrogel Scaffolds M. E. (2018). UV-assisted 3D bioprinting of
for Human Stem Cell-Derived Cardiac Tissue nanoreinforced hybrid cardiac patch for myocardial tissue
Engineering. ACS Biomater Sci Eng, 10(4), 2351-2366. engineering. Tissue Engineering Part C: Methods, 24(2),
https://doi.org/10.1021/acsbiomaterials.3c01256 74-88. https://doi.org/10.1089/ten.tec.2017.0346
34. Fan, F. R, Tian, Z. Q., & Lin Wang, Z. (2012). Flexible 47. Jacob, J., More, N., Kalia, K., & Kapusetti, G. (2018).
triboelectric generator. Nano Energy, 1(2), 328-334. Piezoelectric smart biomaterials for bone and cartilage
https:/doi.org/10.1016/j.nanoen.2012.01.004 tissue engineering. Inflammation and regeneration, 38(1),
35. Ferson, N. D., Uhl, A. M., & Andrew, J. S. (2021). 2. https://doi.org/10.1186/s41232-018-0059-8
Piezoelectric and Magnetoelectric Scaffolds for Tissue 48. Jiang, W., Li, H., Liu, Z., Li, Z., Tian, J., Shi, B., Zou, Y.,
Regeneration and Biomedicine: A Review. I[EEE Ouyang, H., Zhao, C., Zhao, L., Sun, R., Zheng, H., Fan,
Transactions on Ultrasonics, Ferroelectrics, and Y., Wang, Z. L., & Li, Z. (2018). Fully Bioabsorbable
Frequency Control, 68(2), 229-241. Natural-Materials-Based Triboelectric Nanogenerators.
https://doi.org/10.1109/TUFFC.2020.3020283 Advance Materials, 30(32), ¢1801895.
36. Fotouhi Ardakani, F., Mohammadi, M., & Mashayekhan, https://doi.org/10.1002/adma.201801895
S. (2022). ZnO-incorporated polyvinylidene 49. Jiang, L., Chen, D., Wang, Z., Zhang, Z., Xia, Y., Xue,
fluoride/poly(e-caprolactone) nanocomposite scaffold H., & Liu, Y. (2019). Preparation of an electrically
with controlled release of dexamethasone for bone tissue conductive graphene oxide/chitosan scaffold for cardiac
engineering. Applied  Physics A, 128(8), 654. tissue  engineering.  Applied  biochemistry  and
https://doi.org/10.1007/s00339-022-05762-z biotechnology, 188(4), 952-964.
37. Ganji, Y., Li, Q., Quabius, E. S., Béttner, M., Selhuber- https://doi.org/10.1007/s12010-019-02967-6
Unkel, C., & Kasra, M. (2016). Cardiomyocyte behavior 50. Jing, T., Tao, X., Li, T., Li, Z., Zhang, H., Huang, G., Jin,
on biodegradable polyurethane/gold nanocomposite Z., Xu, J., Xie, C., & Qu, S. (2024). Magnetostriction
scaffolds under electrical stimulation. Materials Science enhanced self-powered nanofiber sheet as cardiac patch
and Engineering: C, 59, 10-18. with magnetoelectric synergistic effect on actuating Na+
https://doi.org/10.1016/j.msec.2015.09.074 k+-ATPase. Chemical Engineering Journal, 490,
38. Ghovvati, M., Kharaziha, M., Ardehali, R., & Annabi, N. 151791. https://doi.org/10.1016/j.cej.2024.151791
(2022). Recent advances in designing electroconductive 51. Kabir, H., Kamali Dehghan, H., Mashayekhan, S.,
biomaterials for cardiac tissue engineering. Advanced Bagherzadeh, R., & Sorayani Bafqi, M. S. (2022). Hybrid
healthcare materials, 11(13), 2200055. fibrous (PVDF-BaTiO3)/ PA-11 piezoelectric patch as an
https://doi.org/10.1002/adhm.202200055 energy harvester for pacemakers. Journal of Industrial
39. Gil-Castell, O., Ontoria-Oviedo, 1., Badia, J., Amaro- Textiles, 51(3_suppl), 4698S-4719S.
Prellezo, E., Sepulveda, P., & Ribes-Greus, A. (2022). https://doi.org/10.1177/15280837211057575
Conductive polycaprolactone/gelatin/polyaniline nanofibres 52. Kai, D., Prabhakaran, M. P., Jin, G., & Ramakrishna, S.
as functional scaffolds for cardiac tissue regeneration. (2011). Polypyrrole-contained electrospun conductive
Reactive and  Functional  Polymers, 170, 105064. nanofibrous membranes for cardiac tissue engineering.
https://doi.org/lO.1016./j.reactfunctpolym.ZOZl.105064 Journal of biomedical materials research Part A, 99(3),
40. Golafshan, E., Nikukar, H., Mashayekhan, S, 376-385. https://doi.org/10.1002/jbm.a.33200
Shokrgozar, M. A., & Simchi, A. (2024). PVDF- 53. Kayser, L. V., & Lipomi, D. J. (2019). Stretchable
Modified Graphene Nanosheets as a Piezoelectric and Conductive Polymers and Composites Based on PEDOT
Electroconductive Bilayer Platform for Cardiac Cell and PEDOT:PSS. Advance Materials, 31(10), e1806133.
Stlmulatlon.ACSApplzedNano Materials, 7(18), 21778- https://doi.ore/10.1002/adma. 201806133
21790. https://doi.org/10.1021/acsanm.4c03749 54 K p—g—. M. Ch F. Rezai A L. Mehdi N
P . Kazemi, M., ogan, F., Rezaian, A. H., Mehdi Nawaz
41. Guo, B., & Ma, P. X. (2018). Conducting polymers for Echmad. R. A.. & Ahmadi Tafti. S .
. . . . ghmad, R. A, madi Tafti, S. (2022). Injectable
tissue engineering. Biomacromolecules, 19(6), 1764- Thermosensitive Hydrogel (Chitosan/Gelatin/B-Glycerol
1782. https://doi.org/10.1021/acs.biomac.8b00276 Ph . yarogel o Y
- - - osphate) Reinforced with Polyaniline/Carboxylated
42. Hen.drl.ckson, T, Man01‘n0, C., Whltne‘y,.L.z Tsao, ,C" Carbon Nanotube/Gelatin Containing Stem Cells for Cardiac
Rahlml, M., &.Tarabalh, F. (20,21)' Mimicking f:ardlac Tissue Engineering. Journal of Advanced Materials and
tissue complexity through physical cues: A review on Technologies, 112), 71-87. [In Persian].
cardiac tissue engineering approaches. Nanomedicine: https://doi.ore/10.30501/jamt.2023.311513.1199
Nanotechnology, Biology and Medicine, 33, 102367. 55. Khalil, A. K., Fouad, H., Abdal-hay, A., Abd El-salam,
ht.tps:/do.l.org/ 10.1016/j.nano.202 1’102,367 . N. M., & Abdelrazek Khalil, K. (2023). Fabrication and
43.  Hitscherich, P., Wu, 8., Gordan, R., Xie, L. H., Arinzeh, Characterization of Piezoelectric PEO/SF/BaTiO3
T., & Lee, E. J. (2016). The effect of PVDF-TrFE . . . .
. . Scaffolds for Cardiac Tissue Engineering. Journal of
scaffolds on stem cell derived cardiovascular cells. . .
Biotechnology Bioengineering, 113(7), 1577-1585. Composites Science, 76), 200.
https://doi.org/lO.l002/bit.2591é ’ https://doi.org/10.3390/jcs7050200
44. Hitscherich, P., Aphale, A., Gordan, R., Whitaker, R., 56. Kharaziha, M., Shin, S. R., Nikkhah, M., Topkaya, S. N.,

Singh, P., Xie, L. H., Patra, P., & Lee, E. J. (2018).
Electroactive graphene composite scaffolds for cardiac
tissue engineering. Journal of Biomedical Materials
Research Part A, 106(11), 2923-2933.
https://doi.org/10.1002/jbm.a.36481

Masoumi, N., Annabi, N., Dokmeci, M. R., &
Khademhosseini, A. (2014). Tough and flexible CNT-
polymeric hybrid scaffolds for engineering cardiac
constructs. Biomaterials, 35(26), 7346-7354.
https://doi.org/10.1016/j.biomaterials.2014.05.014



https://doi.org/10.1016/j.actbio.2021.08.031
https://doi.org/10.1021/acsbiomaterials.3c01256
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1109/TUFFC.2020.3020283
https://doi.org/10.1007/s00339-022-05762-z
https://doi.org/10.1016/j.msec.2015.09.074
https://doi.org/10.1002/adhm.202200055
https://doi.org/10.1016/j.reactfunctpolym.2021.105064
https://doi.org/10.1021/acsanm.4c03749
https://doi.org/10.1021/acs.biomac.8b00276
https://doi.org/10.1016/j.nano.2021.102367
https://doi.org/10.1002/bit.25918
https://doi.org/10.1002/jbm.a.36481
https://doi.org/10.1021/acsami.8b18844
https://doi.org/10.1089/ten.tec.2017.0346
https://doi.org/10.1186/s41232-018-0059-8
https://doi.org/10.1002/adma.201801895
https://doi.org/10.1007/s12010-019-02967-6
https://doi.org/10.1016/j.cej.2024.151791
https://doi.org/10.1177/15280837211057575
https://doi.org/10.1002/jbm.a.33200
https://doi.org/10.1002/adma.201806133
https://doi.org/10.30501/jamt.2023.311513.1199
https://doi.org/10.3390/jcs7050200
https://doi.org/10.1016/j.biomaterials.2014.05.014

\-Yo n(\i’i QLZ.M.JL) ‘Y 60)LA.~Z ‘\f, So92 42.91.;.:.3 L;Laéﬂt_éj }]}A MM/D‘)&«A} Qu‘&f CLG.“ Y“

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kinloch, I. A., Suhr, J., Lou, J., Young, R. J., & Ajayan, P.
M. (2018). Composites with carbon nanotubes and graphene:
An outlook. Science, 362(6414), 547-553.
https://doi.org/10.1126/science.aat7439

Koohkhezri, M., Lotfi, R., Zandi, N., Emami, Z., Tamjid, E.,
& Simchi, A. (2024). Drug-Eluting and Antibacterial Core—
Shell  Polycaprolactone/Pectin  Nanofibers Containing
Ti3C2T x MXene and Medical Herbs for Wound Dressings.
ACS  Applied  Bio  Materials, 7(11), 7244-7255.
https://doi.org/10.1021/acsabm.4c00880

Kopyl, S., Surmenev, R., Surmeneva, M., Fetisov, Y., &
Kholkin, A. (2021). Magnetoelectric effect: principles and
applications in biology and medicine— a review. Materials
Today Bio, 12, 100149.
https:/doi.org/10.1016/j.mtbio.2021.100149

Kota, A. K., Cipriano, B. H., Duesterberg, M. K., Gershon,
A. L., Powell, D., Raghavan, S. R., & Bruck, H. A. (2007).
Electrical and rheological percolation in
polystyrene/MWCNT nanocomposites. Macromolecules,
40(20), 7400-7406. https://doi.org/10.1021/ma0711792
Lalegiil-Ulker, O., Elgin, A. E., & Elgin, Y. M. (2018).
Intrinsically conductive polymer nanocomposites for cellular
applications.  Cutting-edge enabling technologies for
regenerative medicine, 135-153.
https://doi.org/10.1007/978-981-13-0950-2_8

Lee, J., Manoharan, V., Cheung, L., Lee, S., Cha, B.-H.,
Newman, P., Farzad, R., Mehrotra, S., Zhang, K., & Khan,
F. (2019). Nanoparticle-based hybrid scaffolds for
deciphering the role of multimodal cues in cardiac tissue
engineering. ACS  nano, 13(11),  12525-12539.
https://doi.org/10.1021/acsnano.9b03050

Li, Y., Li, X., Zhao, R., Wang, C., Qiu, F., Sun, B., Ji, H,,
Qiu, J.,, & Wang, C. (2017). Enhanced adhesion and
proliferation of human umbilical vein endothelial cells on
conductive PANI-PCL fiber scaffold by electrical
stimulation. Materials Science and Engineering: C, 72, 106-
112. https://doi.org/10.1016/j.msec.2016.11.052

Li, Y., Liao, C, & Tjong, S. C. (2019). Electrospun
polyvinylidene fluoride-based fibrous scaffolds with
piezoelectric characteristics for bone and neural tissue
engineering. Nanomaterials, 97), 952.
https://doi.org/10.3390/nan09070952

Liaw, N. Y., & Zimmermann, W. H. (2016). Mechanical
stimulation in the engineering of heart muscle. Adv Drug
Deliv Rev, 96, 156-160.
https://doi.org/10.1016/j.addr.2015.09.001

Liu, Z., Davis, C., Cai, W., He, L., Chen, X., & Dai, H.
(2008). Circulation and long-term fate of functionalized,
biocompatible single-walled carbon nanotubes in mice
probed by Raman spectroscopy. Proceedings of the National
Academy of Sciences, 105(5), 1410-1415.
https://doi.org/10.1073/pnas.0707654105

Liu, X,, Ma, J., Wu, X,, Lin, L., & Wang, X. (2017).
Polymeric Nanofibers with Ultrahigh Piezoelectricity via
Self-Orientation of Nanocrystals. ACS Nano, 11(2), 1901-
1910. https://doi.org/10.1021/acsnano.6b07961

Liu, Z., Wan, X., Wang, Z. L., & Li, L. (2021). Electroactive
biomaterials and systems for cell fate determination and
tissue regeneration: design and applications. Advanced
Materials, 33(32), 2007429.
https://doi.org/10.1002/adma.202007429

Lotfi, R., Zandi, N., Pourjavadi, A., Christiansen, J. d. C.,
Gurevich, L., Mehrali, M., Dolatshahi-Pirouz, A., Pennisi, C.
P., Tamjid, E., & Simchi, A. (2023). Engineering photo-
cross-linkable MXene-based hydrogels: durable conductive
biomaterials for electroactive tissues and interfaces. ACS
Biomaterials Science & Engineering, 10(2), 800-813.
https://doi.org/10.1021/acsbiomaterials.3c01394

Ma, B., Liu, F., Li, Z., Duan, J., Kong, Y., Hao, M., Ge, S.,
Jiang, H., & Liu, H. (2019). Piezoelectric nylon-11
nanoparticles with ultrasound assistance for high-efficiency
promotion of stem cell osteogenic differentiation. Journal of
materials chemistry B, 7(11), 1847-1854.
https://doi.org/10.1039/C8TB03321H

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Macério, D., Domingos, 1., Carvalho, N., Pinho, P., &
Alves, H. (2022). Harvesting circuits for triboelectric
nanogenerators for wearable applications. iScience,
25(4), 103977. https:/doi.org/10.1016/1.is¢i.2022.103977
Maiti, D., Tong, X., Mou, X., & Yang, K. (2019). Carbon-
based nanomaterials for biomedical applications: a recent
study. Frontiers in pharmacology, 9, 430833.
https://doi.org/10.3389/fphar.2018.01401

Marino, A., Bargero, A., & Ciofani, G. (2024). Piezoelectric
nanomaterials: latest applications in biomedicine and
challenges in clinical translation. Nanomedicine(0).
https://doi.org/10.2217/nnm-2024-0080

Martinelli, V., Cellot, G., Toma, F. M., Long, C. S.,
Caldwell, J. H., Zentilin, L., Giacca, M., Turco, A., Prato,
M., & Ballerini, L. (2012). Carbon nanotubes promote
growth and spontaneous electrical activity in cultured
cardiac myocytes. Nano letters, 12(4), 1831-1838.
https://doi.org/10.1021/n1204064s

Mehrotra, S., Dey, S., Sachdeva, K., Mohanty, S., &
Mandal, B. B. (2023). Recent advances in tailoring
stimuli-responsive hybrid scaffolds for cardiac tissue
engineering and allied applications. Journal of Materials
Chemistry B, 11(43), 10297-10331.
https://doi.org/10.1039/D3TB00450C

Meira, R. M., Ribeiro, S., Irastorza, I., Silvan, U.,
Lanceros-Mendez, S., & Ribeiro, C. (2024). Electroactive
poly(vinylidene fluoride-trifluoroethylene)/graphene
composites for cardiac tissue engineering applications. J
Colloid Interface Sci, 663, 73-81.
https://doi.org/10.1016/j.jcis.2024.02.139

Mody, V. V., Siwale, R., Singh, A., & Mody, H. R.
(2010). Introduction to metallic nanoparticles. Journal of
Pharmacy and bioallied sciences, 2(4), 282-289.
https://doi.org/10.4103/0975-7406.72127

Moghadam, B. H., Hasanzadeh, M., & Simchi, A. (2020).
Self-Powered Wearable Piezoelectric Sensors Based on
Polymer Nanofiber-Metal-Organic Framework
Nanoparticle Composites for Arterial Pulse Monitoring. ACS
Applied Nano Materials, 309), 8742-8752.
https://doi.org/10.1021/acsanm.0c01551

Mombini, S., Mohammadnejad, J., Bakhshandeh, B.,
Narmani, A., Nourmohammadi, J., Vahdat, S., & Zirak,
S. (2019). Chitosan-PVA-CNT nanofibers as electrically

conductive  scaffolds for cardiovascular tissue
engineering. International  journal of biological
macromolecules, 140, 278-287.

https://doi.org/10.1016/j.ijbiomac.2019.08.046

Mota, M. L., Carrillo, A., Verdugo, A. J., Olivas, A.,
Guerrero, J. M., De la Cruz, E. C., & Noriega Ramirez,
N. (2019). Synthesis and novel purification process of
PANI and PANI/AgNPs composite. Molecules, 24(8),
1621. https://doi.org/10.3390/molecules24081621
Mousavi, A., Mashayekhan, S., Baheiraei, N., & Pourjavadi,
A. (2021). Biohybrid oxidized alginate/myocardial
extracellular matrix injectable hydrogels with improved
electromechanical properties for cardiac tissue engineering.
International Journal of Biological Macromolecules, 180,
692-708. https:/doi.org/10.1016/j.ijbiomac.2021.03.097
Najjari, A., Mehdinavaz Aghdam, R., Ebrahimi, S. S., Suresh
K, S., Krishnan, S., Shanthi, C., & Ramalingam, M. (2022).
Smart piezoelectric biomaterials for tissue engineering and
regenerative  medicine: A review. Biomedical
Engineering/Biomedizinische — Technik, 67(2), 71-88.
https://doi.org/10.1515/bmt-2021-0265

Nezakati, T., Seifalian, A., Tan, A., & Seifalian, A. M.
(2018). Conductive polymers: opportunities and challenges
in biomedical applications. Chemical reviews, 118(14),
6766-6843. https://doi.org/10.1021/acs.chemrev.6b00275
Ning, C., Zhou, Z., Tan, G., Zhu, Y., & Mao, C. (2018).
Electroactive ~ polymers  for  tissue  regeneration:
Developments and perspectives. Progress in polymer
science, 81, 144-162.
https://doi.org/10.1016/j.progpolymsci.2018.01.001



https://doi.org/10.1126/science.aat7439
https://doi.org/10.1021/acsabm.4c00880
https://doi.org/10.1016/j.mtbio.2021.100149
https://doi.org/10.1021/ma0711792
https://doi.org/10.1007/978-981-13-0950-2_8
https://doi.org/10.1021/acsnano.9b03050
https://doi.org/10.1016/j.msec.2016.11.052
https://doi.org/10.3390/nano9070952
https://doi.org/10.1016/j.addr.2015.09.001
https://doi.org/10.1073/pnas.0707654105
https://doi.org/10.1021/acsnano.6b07961
https://doi.org/10.1002/adma.202007429
https://doi.org/10.1021/acsbiomaterials.3c01394
https://doi.org/10.1039/C8TB03321H
https://doi.org/10.1016/j.isci.2022.103977
https://doi.org/10.3389/fphar.2018.01401
https://doi.org/10.2217/nnm-2024-0080
https://doi.org/10.1021/nl204064s
https://doi.org/10.1039/D3TB00450C
https://doi.org/10.1016/j.jcis.2024.02.139
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.1021/acsanm.0c01551
https://doi.org/10.1016/j.ijbiomac.2019.08.046
https://doi.org/10.3390/molecules24081621
https://doi.org/10.1016/j.ijbiomac.2021.03.097
https://doi.org/10.1515/bmt-2021-0265
https://doi.org/10.1021/acs.chemrev.6b00275
https://doi.org/10.1016/j.progpolymsci.2018.01.001

\§3 V=Y0 (180t Olasl) ¥ (Gosla VE (o555 atd 1y slacs 5l 5 3l ge anliliad /01, 5 DL IS plell

85. Norahan, M. H., Amroon, M., Ghahremanzadeh, R., 97. Roacho-Perez, J. A., Santoyo-Suarez, M. G., Quiroz-Reyes,
Mahmoodi, M., & Baheiraei, N. (2019a). Electroactive A. G., Garza-Trevifio, E. N., Islas, J. F., & Haider, K. H.
graphene  oxide-incorporated  collagen  assisting (2024). Current Developments of Electroconductive
vascularization for cardiac tissue engineering. J Biomed Scaffolds for Cardiac Tissue Engineering. In K. H. Haider
Mater Res A, 107(1), 204-219. (Ed.), Handbook of Stem Cell Applications (pp. 911-938).
https://doi.org/10.1002/ibm.a.36555 Springer Nature Singapore. https://doi.org/10.1007/978-981-

86. Norahan, M. H., Pourmokhtari, M., Saeb, M. R., Bakhshi, 99-7119-0_55 .
B., Soufi Zomorrod, M., & Baheiraei, N. (2019b). 98. Roberts-Thomson, K.. C., Kistler, P. M., Sanders, P.,
Electroactive cardiac patch containing reduced graphene Morton, J. B., Haqqani, H. M., Stevenson, I.,.Vohra, J. K"
oxide with potential antibacterial properties. Materials Sparks, P. B., & Kalman, J. M. (2009). Fractionated atrial
Science and  Engineering: C, 104, 109921, electrograms during sinus rhythm: relationship to age,
https:/doi.org/10.1016/.msec.2019.109921 voltage, and conduction velocity. Heart rhythm, 6(3),

87. Ovcharenko, E. A., Seifalian, A., Rezvova, M. A., 587-591. https://doi.org/10.1016/j.hrthm.2009.02.023
Klyshnikov, K. Y., Glushkova, T. V., Akenteva, T. N., 99. Roshanb'in.far, K, Vogt', L., Greber, B., Diecke, S,
Antonova, L. V., Velikanova, E. A., Chernonosova, V. S., Boccaccini, A. R., Scheibel, T., & Engel, F. B. (2018).
& Shevelev, G. Y. (2020). A new nanocomposite Electrogonductlve plohybrld ‘hydrogel ‘for enhanqed
copolymer based on functionalised graphene oxide for maturation and beating properties of engineered cardiac
development of heart valves. Scientific Reports, 10(1), tissues.  Advanced  Functional Materials,  28(42),

88. Padala, S. K., Cabrera, J. A., & Ellenbogen, K. A. (2021). 100. Roshanb'm.far, K., Vogt, L., Ruther, F., Roether, J. A,
Anatomy of the cardiac conduction system. Pacing and Boccaccini, A. R., & Engel, F. B. (2020). Nanofibrous
Clinical Electrophysiology, 44(1), 15-25. compos'lte with tal%orabl'e electrlcgl ar}d mechanical
https://doi.org/10.1111/pace.14107 properties for cardiac tissue engineering. Advanced

89. Parchehbaf-Kashani, M., Sepantafar, M., Talkhabi, M., F unctionql Materials, 30(7), 1908612.
Sayahpour, F. A., Baharvand, H., Pahlavan, S., & Rajabi, S. https://doi.org/10.1002/adfm.201908612
(2020). Design and characterization of an electroconductive 101. Sapir, Y., Polyak, B., & Cohen, S. (2014). Cardiac tissue
scaffold for cardiomyocytes based biomedical assays. engineering in  magnetically ~actuated scaffolds.
Materials Science and Engineering: C, 109, 110603. Nanotechnology, 25(1), 014009.
https:/doi.org/10.1016/j.msec.2019.110603 https://doi.org/10.1088/0957-4484/25/1/014009

90. Pilato, S., Moffa, S., Siani, G., Diomede, F., Trubiani, O., 102. Satin, J., Kehat, I., Caspi, O., Huber, L., Arbel, G., Itzhaki,
Pizzicannella, J., Capista, D., Passacantando, M., Samori, 1., Magyar, J., Schroder, E. A., Perlman, 1., & Gepstein,
P., & Fontana, A. (2023). 3D Graphene Oxide- L. (2004). Mechanism of spontaneous excitability in
Polyethylenimine ~ Scaffolds for Cardiac Tissue human embryonic stem cell derived cardiomyocytes. The
Engineering. ACS Appl Mater Interfaces, 15(11), 14077- Journal of  physiology, 559(2), 479-496.
14088. https://doi.org/10.1021/acsami.3c¢00216 https://doi.org/10.1113/jphysiol.2004.068213

91. Qazi, T. H, Rai, R., & Boccaccini, A. R. (2014a). Tissue 103. Scuderi, G. J., & Butcher, J. (2017). Naturally Engineered
engineering of electrically responsive tissues using Maturation of Cardiomyocytes. Front Cell Dev Biol, 5,
polyaniline based polymers: A review. Biomaterials, 50. https://doi.org/10.3389/fcell.2017.00050
35(33), 9068-9086. 104. Sencadas, V., Garvey, C., Mudie, S., Kirkensgaard, J. J.,
https://doi.org/10.1016/j.biomaterials.2014.07.020 Gouadec, G., & Hauser, S. (2019). Electroactive

92. Qazi, T. H., Rai, R., Dippold, D., Roether, J. E., Schubert, properties of electrospun silk fibroin for energy
D. W, Rosellini, E., Barbani, N., & Boccaccini, A. R. harvesting applications. Nano Energy, 66, 104106.
(2014b). Development and characterization of novel https://doi.org/10.1016/j.nanoen.2019.104106
electrically conductive PANI-PGS composites for 105. Shevach, M., Fleischer, S., Shapira, A., & Dvir, T.
cardiac  tissue engineering  applications. Acta (2014). Gold nanoparticle-decellularized matrix hybrids
biomaterialia, 10(6), 2434-2445. for cardiac tissue engineering. Nano letters, 14(10), 5792-
https://doi.org/10.1016/j.actbio.2014.02.023 5796. https://doi.org/10.1021/n1502673m

93. Qi, F., Gao, X., Shuai, Y., Peng, S., Deng, Y., Yang, S., 106. Shin, S. R., Jung, S. M., Zalabany, M., Kim, K.,
Yang, Y., & Shuai, C. (2022). Magnetic-driven wireless Zorlutuna, P., Kim, S. b., Nikkhah, M., Khabiry, M.,
electrical stimulation in a scaffold. Composites Part B: Azize, M., & Kong, J. (2013). Carbon-nanotube-
Engineering, 237, 109864. embedded hydrogel sheets for engineering cardiac
https://doi.org/10.1016/j.compositesb.2022.109864 constructs and bioactuators. ACS nano, 7(3), 2369-2380.

94. Radisic, M., Park, H., Shing, H., Consi, T., Schoen, F. J., https://doi.org/10.1021/nn305559j
Langer, R., Freed, L. E., & Vunjak-Novakovic, G. (2004). 107. Shin, S. R., Zihlmann, C., Akbari, M., Assawes, P.,
Functional assembly of engineered myocardium by Cheung, L., Zhang, K., Manoharan, V., Zhang, Y. S.,
electrical stimulation of cardiac myocytes cultured on Yiiksekkaya, M., & Wan, K. t. (2016). Reduced graphene
scaffolds. Proceedings of the National Academy of oxide-geIMA hybrid hydrogels as scaffolds for cardiac
Sciences, 101(52), 18129-18134. tissue  engineering. Small,  12(27), 3677-3689.
https://doi.org/10.1073/pnas.0407817101 https://doi.org/10.1002/sml11.201600178

95. Ribeiro, C., Costa, C. M., Correia, D. M., Nunes-Pereira, 108. Sirivisoot, S., Pareta, R., & Harrison, B. S. (2014).
J., Oliveira, J., Martins, P., Goncalves, R., Cardoso, V. F., Protocol and cell responses in three-dimensional
&  Lanceros-Mendez, S. (2018). Electroactive conductive collagen gel scaffolds with conductive
poly(vinylidene fluoride)-based structures for advanced polymer nanofibres for tissue regeneration. Interface
applications. Nat  Protoc, 13(4), 681-704. Sfocus, 4(1), 20130050.
https://doi.org/10.1038/nprot.2017.157 https://doi.org/10.1098/rsf5.2013.0050

96. Ribeiro, S., Ribeiro, C., Carvalho, E. O., Tubio, C. R., 109. Song, C., Zhang, X., Wang, L., Wen, F., Xu, K., Xiong,

Castro, N., Pereira, N., Correia, V., Gomes, A. C., &
Lanceros-Méndez, S. (2020). Magnetically activated
electroactive microenvironments for skeletal muscle
tissue regeneration. ACS Applied Bio Materials, 3(7),
4239-4252. https://doi.org/10.1021/acsabm.0c00315

W., Li, C, Li, B., Wang, Q., Xing, M. M. Q., & Qiu, X.
(2019). An Injectable Conductive Three-Dimensional
Elastic Network by Tangled Surgical-Suture Spring for
Heart Repair. ACS Nano, 13(12), 14122-14137.
https://doi.org/10.1021/acsnano0.9b06761



https://doi.org/10.1002/jbm.a.36555
https://doi.org/10.1016/j.msec.2019.109921
https://doi.org/10.1038/s41598-020-62122-8
https://doi.org/10.1111/pace.14107
https://doi.org/10.1016/j.msec.2019.110603
https://doi.org/10.1021/acsami.3c00216
https://doi.org/10.1016/j.biomaterials.2014.07.020
https://doi.org/10.1016/j.actbio.2014.02.023
https://doi.org/10.1016/j.compositesb.2022.109864
https://doi.org/10.1073/pnas.0407817101
https://doi.org/10.1038/nprot.2017.157
https://doi.org/10.1021/acsabm.0c00315
https://doi.org/10.1007/978-981-99-7119-0_55
https://doi.org/10.1007/978-981-99-7119-0_55
https://doi.org/10.1016/j.hrthm.2009.02.023
https://doi.org/10.1002/adfm.201803951
https://doi.org/10.1002/adfm.201908612
https://doi.org/10.1088/0957-4484/25/1/014009
https://doi.org/10.1113/jphysiol.2004.068213
https://doi.org/10.3389/fcell.2017.00050
https://doi.org/10.1016/j.nanoen.2019.104106
https://doi.org/10.1021/nl502673m
https://doi.org/10.1021/nn305559j
https://doi.org/10.1002/smll.201600178
https://doi.org/10.1098/rsfs.2013.0050
https://doi.org/10.1021/acsnano.9b06761

V=Y0 (Ve b)) oF (oslas VE (o555 b iy Slacsysld 5 3l g aslilad /01 Ken 5 OLESI IS elel! Yo

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Spearman, B. S., Hodge, A. J., Porter, J. L., Hardy, J. G.,
Davis, Z. D., Xu, T., Zhang, X., Schmidt, C. E., Hamilton,

M. C.,, & Lipke, E. A. (2015). Conductive
interpenetrating  networks of  polypyrrole  and
polycaprolactone encourage electrophysiological

development of cardiac cells. Acta biomaterialia, 28,
109-120. https://doi.org/10.1016/j.actbio.2015.09.025
Srinivasan, S. Y., Cler, M., Zapata-Arteaga, O., Dorling,
B., Campoy-Quiles, M., Martinez, E., Engel, E., Perez-
Amodio, S., & Laromaine, A. (2023). Conductive
Bacterial Nanocellulose-Polypyrrole Patches Promote
Cardiomyocyte Differentiation. ACS Appllied Bio
Materials, 6(7), 2860-2874.
https://doi.org/10.1021/acsabm.3¢c00303

Suh, T. C., Twiddy, J., Mahmood, N., Ali, K. M., Lubna,
M. M., Bradford, P. D., Daniele, M. A., & Gluck, J. M.
(2022). Electrospun Carbon Nanotube-Based Scaffolds
Exhibit High Conductivity and Cytocompatibility for
Tissue Engineering Applications. ACS Omega, 7(23),
20006-20019.
https://doi.org/10.1021/acsomega.2c01807

Tai, Y., Yang, S., Yu, S., Banerjee, A., Myung, N. V., &
Nam, J. (2021). Modulation of piezoelectric properties in
electrospun PLLA nanofibers for application-specific
self-powered stem cell culture platforms. Nano Energy,
89, 106444.
https://doi.org/10.1016/j.nanoen.2021.106444

Talebi, A., Labbaf, S., & Karimzadeh, F. (2019). A
conductive  film  of  chitosan-polycaprolcatone-
polypyrrole with potential in heart patch application.
Polymer Testing, 75, 254-261.
https://doi.org/10.1016/j.polymertesting.2019.02.029
Tohidi, H., Maleki-Jirsaraei, N., Simchi, A., Mohandes,
F., Emami, Z., Fassina, L., Naro, F., Conti, B., &
Barbagallo, F. (2022). An  Electroconductive,
Thermosensitive, and Injectable Chitosan/Pluronic/Gold-
Decorated Cellulose Nanofiber Hydrogel as an Efficient
Carrier for Regeneration of Cardiac Tissue. Materials
(Basel), 15(15). https://doi.org/10.3390/mal5155122
Tohidi, H., Maleki, N., & Simchi, A. (2024). Conductive,
injectable, and self-healing collagen-hyaluronic acid
hydrogels loaded with bacterial cellulose and gold
nanoparticles for heart tissue engineering. International J
ournal Biology Macromolucle, 280(Pt 2), 135749.
https://doi.org/10.1016/j.ijbiomac.2024.135749

Tonelli, F. M., Santos, A. K., Gomes, K. N., Lorencon,
E., Guatimosim, S., Ladeira, L. O., & Resende, R. R.
(2012). Carbon nanotube interaction with extracellular
matrix proteins producing scaffolds for tissue
engineering. International Journal Nanomedicine, 7,
4511-4529. https://doi.org/10.2147/IIN.S33612

Tsien, R., & Carpenter, D. (1978). Ionic mechanisms of
pacemaker activity in cardiac Purkinje fibers. Federation
Proceedings (Vol. 37, No. 8, pp. 2127-2131).
https://pubmed.ncbi.nlm.nih.gov/350631/

Tsui, J. H., Ostrovsky-Snider, N. A., Yama, D. M.,
Donohue, J. D., Choi, J. S., Chavanachat, R., Larson, J.
D., Murphy, A. R., & Kim, D.-H. (2018). Conductive
silk—polypyrrole composite scaffolds with bioinspired
nanotopographic cues for cardiac tissue engineering.
Journal of materials chemistry B, 6(44), 7185-7196.
https://doi.org/10.1039/C8TBO1116H

Tufan, Y., Oztatli, H., Doganay, D., Buyuksungur, A., Cicek, M.
0., Dés, L. p. T. c. e., Berberoglu, C., Unalan, H. E., Garipcan,
B., & Ercan, B. (2023). Multifunctional Silk Fibroin/Carbon
Nanofiber Scaffolds for In Vitro Cardiomyogenic Differentiation
of Induced Pluripotent Stem Cells and Energy Harvesting from
Simulated Cardiac Motion. ACS Applied Materials & Interfaces,
15(36), 42271-42283. https://doi.org/10.1021/acsami.3c08601

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Wang, A., Liu, Z., Hu, M., Wang, C., Zhang, X., Shi, B., Fan,
Y., Cui, Y., Li, Z, & Ren, K. (2018). Piezoelectric
nanofibrous scaffolds as in vivo energy harvesters for
modifying fibroblast alignment and proliferation in wound
healing. Nano Energy, 43, 63-71.
https://doi.org/10.1016/j.nanoen.2017.11.023

Yamada, M., Tanemura, K., Okada, S., Iwanami, A.,
Nakamura, M., Mizuno, H., Ozawa, M., Ohyama-Goto, R.,
Kitamura, N., & Kawano, M. (2007). Electrical stimulation
modulates fate determination of differentiating embryonic
stem cells. Stem cells, 25(3), 562-570.
https://doi.org/10.1634/stemcells.2006-0011

You, J.-O., Rafat, M., Ye, G. J., & Auguste, D. T. (2011).
Nanoengineering the heart: conductive scaffolds enhance
connexin 43 expression. Nano letters, 11(9), 3643-3648.
https://doi.org/10.1021/n1201514a

Yucel, T., Cebe, P., & Kaplan, D. L. (2011). Structural
origins of silk piezoelectricity. Advanced functional
materials, 21(4), 779-785.
https://doi.org/10.1002/adfm.201002077

Zanjanizadeh Ezazi, N., Ajdary, R., Correia, A., Mikila,
E., Salonen, J., Kemell, M., Hirvonen, J., Rojas, O. J.,
Ruskoaho, H. J., & Santos, H. 1. A. (2020). Fabrication
and characterization of drug-loaded conductive poly
(glycerol sebacate)/nanoparticle-based composite patch
for myocardial infarction applications. ACS applied
materials & interfaces, 12(6), 6899-6909.
https://doi.org/10.1021/acsami.9b21066

Zaszczynska, A., Sajkiewicz, P., & Gradys, A. (2020).
Piezoelectric Scaffolds as Smart Materials for Neural
Tissue  Engineering.  Polymers  (Basel), 12(1).
https://doi.org/10.3390/polym12010161

Zhang, X., Wang, T., Zhang, Z., Liu, H., Li, L., Wang,
A., Ouyang, J., Xie, T., Zhang, L., Xue, J., & Tao, W.
(2023b). Electrical stimulation system based on
electroactive biomaterials for bone tissue engineering.
Materials Today, 68, 177-203.
https:/doi.org/10.1016/j.mattod.2023.06.011

Zhao, G., Qing, H., Huang, G., Genin, G. M., Lu, T. J,,
Luo, Z., Xu, F., & Zhang, X. (2018). Reduced graphene
oxide functionalized nanofibrous silk fibroin matrices for
engineering excitable tissues. NPG Asia Materials,
10(10), 982-994. https://doi.org/10.1038/s41427-018-
0092-8

Zhao, G., Bao, X., Huang, G., Xu, F., & Zhang, X. (2019).
Differential Effects of Directional Cyclic Stretching on
the Functionalities of Engineered Cardiac Tissues. ACS
Applied Bio Materials, 2(8), 3508-3519.
https://doi.org/10.1021/acsabm.9b00414

Zhou, X., Li, G., Wu, D., Liang, H., Zhang, W., Zeng, L.,
Zhu, Q., Lai, P., Wen, Z., & Yang, C. (2023a). Recent
advances of cellular stimulation with triboelectric
nanogenerators. Exploration,
https://doi.org/10.1002/EXP.20220090

Zhou, Y., Zhang, J. H., Li, S., Qiu, H., Shi, Y., & Pan, L.
(2023b). Triboelectric Nanogenerators Based on 2D
Materials: From Materials and Devices to Applications.
Micromachines, 14(5), 1043.
https://doi.org/10.3390/mil14051043

Zhu, J., Peng, H., Rodriguez-Macias, F., Margrave, J. L.,
Khabashesku, V. N., Imam, A. M., Lozano, K., &
Barrera, E. V. (2004). Reinforcing epoxy polymer
composites through covalent integration of functionalized
nanotubes. Advanced Functional Materials, 14(7), 643-
648. https://doi.org/10.1002/adfm.200305162

Zhu, K., Shin, S. R., van Kempen, T., Li, Y. C., Ponraj,
V., Nasajpour, A., Mandla, S., Hu, N., Liu, X., & Leijten,
J. (2017). Gold nanocomposite bioink for printing 3D
cardiac constructs. Advanced Functional Materials,
27(12), 1605352.

https://doi.org/10.1002/adfm.201605352



https://doi.org/10.1016/j.actbio.2015.09.025
https://doi.org/10.1021/acsabm.3c00303
https://doi.org/10.1021/acsomega.2c01807
https://doi.org/10.1016/j.nanoen.2021.106444
https://doi.org/10.1016/j.polymertesting.2019.02.029
https://doi.org/10.3390/ma15155122
https://doi.org/10.1016/j.ijbiomac.2024.135749
https://doi.org/10.2147/IJN.S33612
https://pubmed.ncbi.nlm.nih.gov/350631/
https://doi.org/10.1039/C8TB01116H
https://doi.org/10.1021/acsami.3c08601
https://doi.org/10.1016/j.nanoen.2017.11.023
https://doi.org/10.1634/stemcells.2006-0011
https://doi.org/10.1021/nl201514a
https://doi.org/10.1002/adfm.201002077
https://doi.org/10.1021/acsami.9b21066
https://doi.org/10.3390/polym12010161
https://doi.org/10.1016/j.mattod.2023.06.011
https://doi.org/10.1038/s41427-018-0092-8
https://doi.org/10.1038/s41427-018-0092-8
https://doi.org/10.1021/acsabm.9b00414
https://doi.org/10.1002/EXP.20220090
https://doi.org/10.3390/mi14051043
https://doi.org/10.1002/adfm.200305162
https://doi.org/10.1002/adfm.201605352

