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Harnessing cell reprogramming for cardiac 
biological pacing
Chih‑Min Liu1,2†, Yi‑Chun Chen3,4† and Yu‑Feng Hu1,2,3,4* 

Abstract 

Electrical impulses from cardiac pacemaker cardiomyocytes initiate cardiac contraction and blood pumping 
and maintain life. Abnormal electrical impulses bring patients with low heart rates to cardiac arrest. The current 
therapy is to implant electronic devices to generate backup electricity. However, complications inherent to electronic 
devices remain unbearable suffering. Therefore, cardiac biological pacing has been developed as a hardware-free 
alternative. The approaches to generating biological pacing have evolved recently using cell reprogramming tech‑
nology to generate pacemaker cardiomyocytes in-vivo or in-vitro. Different from conventional methods by electrical 
re-engineering, reprogramming-based biological pacing recapitulates various phenotypes of de novo pacemaker 
cardiomyocytes and is more physiological, efficient, and easy for clinical implementation. This article reviews the pre‑
sent state of the art in reprogramming-based biological pacing. We begin with the rationale for this new approach 
and review its advances in creating a biological pacemaker to treat bradyarrhythmia.

Keywords  Biological pacemaker, Electronic pacemaker, Reprogramming, Functional re-engineering, Stem cell, 
Sinoatrial node, Gene transfer, Biomaterial, Silk fibroin, Bradyarrhythmia

Introduction
Pacemaker cardiomyocytes (PCs) within the sinoatrial 
node (SAN) trigger a periodical electrical automaticity, 
initiating heartbeats for circulation. Their automaticity 
is generated by a coupled system of membrane and cal-
cium clocks (Ca2+ clock) [1–4]. The membrane clock is a 
cyclic change of membrane potential on PCs, attributed 
to the dynamic ion flow through ion channels, includ-
ing mainly HCNs (hyperpolarization-activated cyclic 

nucleotide-gated) channels, L- and T-type Ca2+ chan-
nels, and delayed rectifier potassium channels (IK1) [2]. 
The Ca2+ clock is an intracellular Ca2+ cycling kinetic, 
attributed to localized periodic calcium releases via 
ryanodine receptors on the sarcoplasmic reticulum [5, 6]. 
Two clocks work synchronously to generate spontaneous 
action potentials and control the timekeeping mecha-
nism of heart rhythm. These functionally specialized PCs 
also possess distinct gene expression profiles and tran-
scriptional regulation from embryogenesis to mature tis-
sue to execute spontaneous firing [7–11]. To be noted, 
transcription factors during embryogenesis drive PC dif-
ferentiation include Shox2 (short stature homeobox  2) 
[9], Tbx3 (T-box transcription factor 3) [12], Tbx18 [13], 
Isl1 (ISL LIM homeobox  1) [14], and a loss of Nkx2.5 
(NK2 homeobox 5) [15].
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The evolution from electronic devices to biological 
pacemakers
SAN dysfunction leads to rhythmic failure and bradycar-
dia. Electric pacemaker implantation to provide backup 
pacing is an effective and standard therapy. This device 
includes a pulse generator implanted in the subcutane-
ous chest space and transvenous/epicardial leads inserted 
into the atrial or ventricular myocardium (Fig. 1) [16, 17]. 
The metal case generator contains a battery and a tiny 
computer to generate and control electrical impulses. 
The electrical stimulation from the generator is con-
ducted through the insulated wires, called lead, into heart 
muscles. Since the first fully implantable pacemaker was 
developed in 1958 at the Karolinska Institute in Sweden, 
the technology has significantly advanced from mobility-
limited devices with short battery life to small generators 
with batteries lasting 8–10 years [18, 19]. The electronic 
pacemaker has been a reliable and standard technology 
for decades. However, complications related to surgi-
cal procedures and devices remain evident, including 

generator or lead malfunctions, infections, lack of physi-
ological autonomic response, and heart failure [20–23].

Scientific exploration keeps searching for ways to 
reduce the hardware of a pacemaker and eventually, a 
device-free treatment. A leadless pacemaker has been 
launched to eliminate complications from the implanta-
tion of leads or generators, which inserts the small gen-
erator with electrodes directly into the right ventricular 
septum to avoid lead insertion [24]. The leadless pace-
maker avoids the problem of lead implantation and sub-
cutaneous devices, but can only provide single-chamber 
pacing with limited retrievability. A higher incidence of 
short-term complications like cardiac perforation or per-
icarditis has been observed. In parallel, a biological pace-
maker has been actively explored because of its potential 
to avoid device-related complications and physiological 
compatibility [25]. The strategy by a biological pacemaker 
is an attractive and device-free treatment in which heart-
beats will be generated from biological PCs as same as 
for genuine human hearts. The evolution from electronic 

Fig. 1  The evolution of cardiac pacing from electronic devices to biological pacemakers. In 1958, the medical world witnessed a breakthrough 
when the first fully implantable pacemaker was introduced. This used an epicardial lead fixed at the epicardial site of the ventricle. The pacemaker 
lead was connected to the generator within the generator pocket, which has been formed in the abdominal wall within the rectus abdominus 
muscle sheath, typically at the level of the umbilicus. Placing epicardial leads and the generator pocket led to lead failure or device infection. 
Since 1989, the transvenous approach, which inserted the leads through the subclavian veins (SV), replaced epicardial lead implantation 
as the mainstream procedure. The generator was typically inserted into a pocket just above the pectoral fascia (subcutaneously in the chest 
wall). Furthermore, the transvenous leads could be fixed through the endocardial site over the right atrium (RA) and ventricle (RV). This made 
synchronized electrical pacing on atrial and ventricular chambers possible, providing a more physiological way similar to normal atrioventricular 
conduction. Fast forward to 2016, the Food and Drug Administration approved the marketing of a leadless cardiac pacemaker. This is a one-piece 
device including a generator and electrodes, implanted into RV septum through a vein. There was neither a separate battery under the skin 
nor leads that go to the heart. Looking ahead, the dawn of the era of biological pacemakers is on the horizon. The biological pacemaker has been 
developed as a device-free therapy which injects a biological product (blue dots) through the catheter, e.g., viral vector, to generate a biological 
pacemaker in situ (orange dots). The biological pacemakers generate a natural and efficient heart rhythm from PCs similar to a de novo sinoatrial 
node, and might provide physiological pacing compatible with normal cardiac conduction. This further avoids the complications from the electrical 
pacing of the electronic device, e.g., heart failure. BV, brachiocephalic vein; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; RA, right atrium; 
RV, right ventricle; SV, subclavian vein; SVC, superior vena cava
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pacemakers to biological pacemakers is described in 
Fig. 1.

The developmental strategies of biological pacemakers
The biological pacemakers could be generated through 
different strategies, including functional re-engineering 
(expressions of specific ion channels), cell-gene hybrid 
approaches, and direct reprogramming (re-expres-
sion of embryonic transcription factors or biomaterial 
induction) or the transplantation of pacemaker cells 
derived from human embryonic stem cells (hESC) or 
induced pluripotent stem cells (iPSC) as detailed in sev-
eral reviews [26, 27]. An effective biological pacemaker 
available for clinical translation must deliver a sufficient 
heart rate, autonomic response, and long-term pace-
maker activity [27]. In the present work, we will address 
the critical issues determining a successful translation of 
biological pacemakers into clinics, primarily through a 
reprogramming strategy. These include biological prod-
ucts (gene, vector, or biomaterials), delivery methods, 
target populations, and longevity/persistence [28]. The 
strategies and future designs to generate biological pace-
makers are summarized in Table 1 and Fig. 2.

Functional re‑engineering of genes to generate pacemaker 
currents
To recapitulate the electrical function of PCs, ectopic 
expressions of genes related to pacemaker currents 
(membrane or Ca2+ clocks) into quiescent ventricular 
cardiomyocytes (VMs) generate spontaneous action 
potentials and electrical firing in these VMs [2]. This is 
a process referred to as functional re-engineering [29]. 
The expressions of relevant genes (β2-adrenergic recep-
tor, Kir2.1AAA, HCNs or SkM1[skeletal muscle sodium 
channel 1], calcium-stimulated adenylyl cyclase [AC1]) 
[30–34] that are responsible for membrane clock could 
generate spontaneous action potential and biological 
pacemaker activity within quiescent atrial or VMs that 
otherwise remain structurally and genetically unchanged 
[35]. A mutant gene (mutant Kir2.1AAA or HCNs) or 
a combination of two genes (HCN2 with Kir2.1AAA or 
SkM1) was used to change the kinetics of pacemaker cur-
rent and enhance firing rates [29, 33, 36–38].

The over-expression of β2-adrenergic receptors in car-
diomyocytes failed to generate de novo automaticity 
and only enhanced endogenous heart rates [31, 39]. The 
expression of a mutant Kir2.1 channel by Adenoviral 
Kir2.1AAA in guinea pig ventricles successfully created 
spontaneous action potential but was potentially com-
plicated with a proarrhythmic long QT phenotype [36]. 
The overexpression of genes encoding HCN channels 
(HCN1, HCN2, and HCN4) through different vectors 
or cell fusion has been tested in different models, from 

in-vitro cells and guinea pigs to canines [29, 34, 40, 41]. 
Although HCNs could induce spontaneous pacemaker 
activity, their electrical firing rate was neither tested in 
large animals nor achieved a sustainable or clinically rel-
evant heart rate of 60 to 90 beats/min. Therefore, mutant 
HCN2 (E324A, HCN212), calcium-stimulated adenylyl 
cyclase, combo genes (HCN2/AC1, HCN2/Kir2.1AAA, 
or HCN2/SkM1) were developed to enhance pacemaker 
activity [33, 38, 42]. Only HCN2/Kir2.1AAA, and HCN2/
SkM1 satisfy the basal requirement of heart rates (60–
90 bpm), and minimal electrical backup pacing. HCN2/
AC1 resulted in an excessive increase in basal beating 
rate of around 130 bpm. Only HCN2/SkM1 combination 
achieves clinical requirements within seven days after 
gene delivery.

Cell‑gene hybrid approach
The ectopic expressions of genes related to pacemaker 
currents (membrane or Ca2+ clocks) could also be trans-
duced into non-cardiomyocyte cells and generate pace-
maker currents [40]. These non-cardiomyocyte cells 
include human mesenchymal stem cells (hMSCs), human 
cardiomyocyte progenitor cells (CPCs), and fibroblasts 
[40, 43, 44]. The transplantation of these engineered 
non-cardiomyocyte cells could drive the electrical activ-
ity of the nearby VMs through cell fusion or electrical 
coupling between the engineered non-cardiomyocyte 
cells and VMs [40, 43, 45–47]. This is referred to as a 
cell-gene hybrid approach. This strategy might benefit 
their immune privilege, e.g., MSCs [33]. The introduction 
of HCNs (HCN1, 2, and 4) in those non-cardiomyocyte 
cells could generate pacemaker ion currents (If) in the 
in-vitro cell models and pace the heart with bradycar-
dia. HCN2 or HCN4-transduced MSCs required at least 
2–3 weeks to fully stabilize and manifest with biological 
pacemaker activity in dogs with atrioventricular (AV) 
block [43, 46]. This is probably attributed to the time to 
form a mature cell–cell junction between MSC or cell–
cell fusion [40, 43, 45–47]. This approach was associated 
with a relatively low heart rate (basal rate of 50–60 bpm) 
of biological pacemakers and concerns about migration 
and differentiation of hMSCs [43, 48, 49]. Végh et  al. 
showed that re-engineered cardiac progenitor cells with 
HCN2/SkM1 gene transduction using nucleofection or 
lentiviral transduction could generate Hcn2 and Skm1 
currents. Low cell engraftment of the engineered cells 
was observed, and the in-vivo pacemaker features were 
not reported [47].

Direct reprogramming of quiescent ventricular 
cardiomyocytes to pacemaker cardiomyocytes
The combo-gene strategy overcomes a single gene’s 
limitation and meets clinically relevant heart rates. This 
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means successful biological PCs might need to be shaped 
through different mechanisms simultaneously. During 
embryonic SAN development, Shox2, Tbx3, Tbx5, and 
Tbx18 transcription factors are spatially and temporally 
expressed to regulate the differentiation and specification 
of SAN progenitor cells [50]. Recent works have shown 
that the re-expression of these transcriptional factors 
might drive the direct reprogramming of VMs to PCs 
[51–54]. Direct reprogramming induces a holistic change 
of cellular structures or electrophysiology. The repro-
grammed cells faithfully recapitulate the sophisticated 
pacemaker cell phenotype, which oscillates electrically 
and exhibits the fine nuances of calcium clock behavior 

and distinctive morphological features of genuine SAN 
pacemakers [51]. The reprogrammed cells are much simi-
lar to genuine PCs and, therefore, considered better than 
functional re-engineering approaches, which created bio-
logical pacemakers by manipulating end-effectors of car-
diac electrophysiology (membrane or Ca2+ clock).

The first trial was done by Bakker et al., who induced 
Tbx3 expression ectopically in cardiomyocytes of adult 
transgenic mice using tamoxifen [53]. Tbx3 expression 
reprogrammed mature VMs into pacemaker-like cells by 
reducing IK1 and intercellular coupling. The downregu-
lation of working myocardial genes such as Cx43, Cx40, 
Scn5a, Nppa, Kir2.1, Kir3.1, and Kir2.2 was also observed 

Fig. 2  The developmental strategies to generate a biological pacemaker. A Different systems to generate biological PCs. Functional re-engineering 
induces the expression of specific ion channels in VMs to generate ion currents to generate electrical firing. Other than this, cell morphology, 
structure, and functions remain the same as VMs. The ion channel genes could be expressed in non-cardiomyocyte cells (e.g., MSCs) to generate 
ion currents to induce pacemaker activity. However, spontaneous action potentials from engineered non-cardiomyocyte cells must be 
coupled with the nearby VMs. This explains why the efficacy of the cell-gene hybrid approach is worse than those of engineered VMs. Direct 
reprogramming changes VMs to PCs with holistic changes of morphology, structure, function, and transcriptions. The reprogramming could 
be reached by the re-expression of transcription factors (e.g., Tbx18) or biomaterials (e.g., silk fibroin). The last is the strategy of cell therapy. 
Human IPS-PCs could be derived from the subtype differentiation of human IPS cells, and implanted into the heart directly. B Biological products 
for the therapy. The virus (adeno or adeno-associated) or non-viral vectors (lipid nanoparticles for mRNA, DNA, and minicircle DNA) could express 
the candidate genes for VMs for functional re-engineering or direct reprogramming. The biomaterial per se could be applied as the biological 
product to induce reprogramming in the heart. For cell therapy, immunocompatible human IPS-PCs could be implanted into the heart 
with different designs, including PCs alone, cell mixture (e.g., with MSCs), or engineered PC tissues. C A minimally invasive procedure should be 
used to deliver the biological products into the heart from preclinical large animal models to humans. We illustrate that the vectors could be 
delivered by transvenous catheter into the specific area of the ventricular septum, His bundle, to generate a biological pacemaker. D The biological 
pacemaker could be used to construct organoids (self-organized three-dimensional SANs) or engineered SAN-like tissues. These could be applied 
as the in-vitro model for screening drugs or exploring pathogenesis, and replace the animals for the preclinical studies. HiPSC, human induced 
pluripotent stem cell; AVN, atrioventricular node
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[53]. Kapoor et  al. further screened and tested a set of 
transcription factors during the embryonic stage of PCs. 
Compared to other transcription factors (Shox2, Tbx3, 
Tbx5, and Tbx20), human Tbx18, transduced by an ade-
noviral vector, induced trans-differentiation of adult VMs 
to PCs. From in-vitro cell model to in-vivo guinea pig’s 
hearts, Tbx18-transduced VMs acquire morphological 
phenotypes and physiological automaticity of native SAN 
pacemaker cells with epigenetic modification of relevant 
pacemaker genes including Cx43, Kir2, Actc2, and HCN4 
[51]. Massive electrogenic, metabolic, and cytostructural 
remodeling of VMs has been observed, and intracellular 
cytoskeletal and extracellular matrix remodeling exhibit 
hallmarks of the epithelial-to-mesenchymal transition 
[55, 56]. The adenoviral Tbx18 delivery into pigs’ hearts 
with bradycardia could generate biological pacemakers to 
support physical activity.

Following these initial successes, several delivery tech-
nologies through adeno-associated virus or chemical-
modified mRNAs have been developed to induce Tbx18 
expression in VMs, but avoid adenoviral vector-related 
immunogenicity [57, 58]. Tbx18 expression by the 
adeno-associated viral vector induced reprogramming 
and generated PCs in the in-vitro cell models [57]. RNA 
therapeutics should be highlighted as those comprise a 
rapidly expanding category of drugs for many diseases 
[59, 60]. The Tbx18 mRNAs were chemically modified to 
avoid an immune response triggered by naked RNA [58]. 
However, the Tbx18 expression after the delivery of mod-
ified Tbx18 mRNAs was compromised by the activation 
of miR-1-3p and miR-1b. Therefore, the sustained Tbx18 
expressions could only be reached by combining modi-
fied Tbx18 mRNAs and antagomirs of miR-1-3p and 
miR-1b, which induced de novo biological pacemaker 
activity at the injection site in rats’ hearts [58].

In addition to transcription factors, biomaterials can 
also stimulate cell reprogramming into PCs. Smith 
et  al. demonstrated direct reprogramming of Yamanaka 
factors-expressing cultured fibroblasts into cardiomy-
ocyte-like cells on Polyethylene glycol (PEG) hydro-
gel coated with laminin and arginine-glycine-aspartic 
acid (RGD) peptides. PEG induces cell reprogramming 
and conduction gene expression compared to Matrigel-
coated polystyrene controls, suggesting that biomateri-
als may enhance PC reprogramming or generation [61]. 
The biomaterials strategy has been further advanced by 
silk fibroin (SF), a natural protein polymer approved for 
clinical use by the US Food and Drug Administration. 
The material has been studied and fabricated for tissue 
engineering and regenerative medicine applications [62, 
63]. Hu et al. found that SF per se could reprogram car-
diomyocytes to be PCs without any gene delivery [64]. 
SF induced VMs to transdifferentiate into PCs through 

the Cdh5 (cadherin 5)/β-catenin pathway. The external 
mechanical stimuli generated by SF transmitted through 
surface adhesion molecules could determine cardiac cell 
fate and maturity during indirect reprogramming [65, 
66]. SF-induced PCs have similar electrophysiology and 
morphology phenotypes and gene expression profiles to 
native SAN PCs. Furthermore, the SF-induced PCs had 
prominent autonomic responses and could pace the rat 
heart with a complete heart block. A translational study 
using a large-animal model to assess safety and efficacy is 
necessary. Biomaterials have the advantages of low man-
ufacturing costs and scalable flexibility. This is a vector 
and gene-free therapy to induce reprogramming; there-
fore, complications related to gene therapy could be sig-
nificantly avoided.

Human induced pluripotent stem cell‑derived pacemaker 
cardiomyocytes
Chauveau et  al. transplanted beating embryoid bod-
ies differentiated human keratinocyte-derived iPSCs to 
create a biological pacemaker in the left ventricular epi-
cardium of canines for a 3-month follow-up [44]. The 
rhythms originating from injection sites were present 
50 percent of the time and had a relatively low rate of 40 
to 50 beats per minute. The injected cells’ retention rate 
was not reported, but critical for their electrical activ-
ity. The integration of iPSCs within donors’ hearts alters 
the electrical conduction and beating rate [44, 67]. Cur-
rently, iPSC technologies result in a mixed population 
of cells with varying phenotypes, which might affect the 
function of iPSC-derived biological pacemakers. Reduc-
ing immune response from human iPSC by autologous 
or match cells may enhance the in-vivo biological pace-
maker function [68]. The iPSC generation is time-con-
suming (6–12 weeks) and costly [69, 70]. There may be a 
risk of tumorigenicity associated with the transplantation 
of iPSC [71]. All of these issues need to be addressed.

Vectors for efficient gene expressions
The efficient target gene expression is vital for success-
fully engineering or reprogramming PCs. Except for bio-
materials, viruses (adenovirus or lentivirus) were selected 
as the only strategy to express the genes within cardio-
myocytes because of their better efficacy in all explora-
tory experiments, as mentioned above [72]. However, 
these vectors are limited by unfavorable clinical con-
cerns of future applications. Adenoviral vectors are com-
monly used in gene therapy due to their large packaging 
capacities and transient gene expression. However, their 
immunogenicity and cellular toxicity present significant 
obstacles to long-term applications [73]. Lentiviral vec-
tor also allows for constructing a transgene up to 10 kb. 
It preferentially targets the transcriptional unit of the 



Page 8 of 15Liu et al. Journal of Biomedical Science           (2023) 30:74 

host genome, allowing for highly abundant and long-
term multiple transgene expression [74–76]. However, 
insertional mutagenesis and oncogenesis remain critical 
for its clinical use in the heart [77]. Recombinant adeno-
associated virus is one of the alternative favorable vectors 
to avoid immunogenicity, cytotoxicity, and mutagenesis. 
However, the limited transgene size might need to be 
revised to allow their application [78, 79].

Non-viral vectors, including polymers, lipids, inor-
ganic nanoparticles, and peptides, encapsulate DNAs 
or RNAs, protect these cargos from extra- and intracel-
lular enzymatic digestion, and enhance the efficacy of 
gene expression [80, 81]. The mRNA-based gene therapy 
is one of the future stars. The mRNA-based treatment 
with lipid nanoparticles (LNPs) has improved the expres-
sive efficacy of the gene of interest and reduced immune 
response by the FDA for mRNA vaccine delivery [82–85]. 
For precise expression of target genes in the target myo-
cardium, selecting a feasible promoter, such as the car-
diac Troponin T promoter, is usually used to reduce the 
off-target effect [86]. Now, it is also possible for tissue-
specific mRNA delivery [87]. LNPs are formulated with 
four fundamental components: ionized cationic lipids, 
helper lipids, PEG lipids, and cholesterol [88]. Cheng 
et al. showed that including a permanently cationic lipid 
(DOTAP) into LNP compositions could tune the internal 
charge by which LNP can specifically be delivered into 
the lung, spleen, or liver [87]. Meanwhile, cardiac distri-
bution of the report genes could also be observed using 
DOTAP at 15% in LNPs. This suggests that a potential 
permanently cationic lipid with titration of its molar 
compositions within LNPs could be designed for cardiac 
tropism, especially for cardiomyocytes. The minicircle 
DNAs are also a potential alternative because they have 
been shown to have better gene expression and duration 
than bacterial DNA plasmids [89, 90].

Biological pacemakers from benches to large animals
It is challenging to induce bradycardia in small animals. 
Therefore, a biological pacemaker’s in-vivo electrophysi-
ological functional phenotypes are usually performed 
in large animals, from canines to pigs. Both are also 
translational models for the pre-approval of administra-
tive regulation. We summarize the large animal studies 
in Table  2. The therapy by Tbx18 or HCN2/SkM1 gene 
delivery achieved much closer to the clinical applica-
tion: a physiologically biological pacemaker (basal beat-
ing rates around 70–90 beats) with a rapid autonomic 
response in large animals [33, 35, 91]. The procedure 
could be minimally invasive through the femoral sheath 
without thoracotomy [91]. Several physiological advan-
tages of biological pacemakers are also suggested. A bio-
logical pacemaker could respond appropriately to natural 

arousal stimuli (triggered by food), exercise, or diurnal 
changes [91, 92]. Also, autonomic responses are well 
noted [91]. Notably, normal QT interval and no signs of 
proarrhythmic or systemic adverse effects were observed 
during the two-week follow-up in the pig model with 
Tbx18 [91]. The biological pacemaker activity in the 
large animal could be observed from 7 days to 6 weeks. 
A hybrid approach with HCN2 or HCN4 with MSC 
might sustain more than six weeks. However, the onset 
takes two weeks [43, 46]. Catheter-delivery of Tbx18 to 
a specific area of the His-bundle area restored antegrade 
conduction with biological pacing and prevented elec-
tric pacing-induced cardiomyopathy [93]. Human iPSC-
derived PCs are an alternative strategy to overcome cell 
aging or dysfunction within diseased hearts, as these 
injected cells could be derived from a highly selected 
healthy population [94].

Current limitations and future perspectives in clinical 
translation
The preclinical data provide robust evidence for the 
effectiveness of biological pacemakers and reveal some 
potential limitations to overcome. First, it is imperative 
that the procedure for delivering a biological pacemaker 
to humans needs to be as less invasive as possible. Deliv-
ery methods in the past involved highly invasive proce-
dures (transarterial or thoracotomy), which limits the 
potential for translation into humans [37, 42, 95, 96]. In 
a swine model of complete heart block, Cingolani and Hu 
et al. have demonstrated that biological pacemakers can 
be delivered through a catheter inserted into the venous 
system with minimally invasive techniques [38, 91]. Even 
so, electro-anatomical mapping and fluoroscopy in the 
study were used to guide the injection of biological pace-
maker constructs. The real-time monitoring of precise 
injection within the myocardium and reducing leakage is 
necessary but has not been demonstrated until now. The 
systemic spreading of vectors could be a problem after 
the needle injection. Biomaterial might overcome this. 
SF hydrogel has a higher viscosity and, therefore, will be 
retained within the injection site without systemic distri-
bution [64]. Second, more work must be done to ensure 
physiological, immediate-to-use, and durable pacemaker 
function. Physiologically effective biological pacemaker 
activity has been observed to reduce electronic backup 
pacing to minimal usage. However, the activity could 
be more sustainable [28, 33, 91]. Noteworthy, the stud-
ies only proved that the biological pacemaker adjunct 
to electronic pacemaker could substantially reduce pac-
ing but not alternative to electronic pacemakers in a 
hardware-free animal model [33, 43, 44, 91]. This will be 
absolutely needed for a future clinical indication as the 
alternative to the electronic device. Third, the potential 
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immunogenicity of bioactive agents, including vectors 
or cells, remains a concern [68, 97]. This might decrease 
in-vivo gene expressions and the durability of a biologi-
cal pacemaker. A low immunogenicity vector or optimal 
immunosuppression strategy after the delivery of vectors 
or cells needs to be developed.

Overall, the reprogramming strategy might be a bet-
ter one as PCs recapitulate the de-novo phenotypes of 
a SAN (Fig.  2). This could be achieved by viral vectors, 
RNAs, or biomaterials. The conventional approaches 

need to test the novel treatment from small animals (rats 
or guinea pigs) to large animals (pigs or canines), even-
tually humans. The creation of a bradycardia model and 
real-time monitoring is challenging in small animals, and 
therefore, functional validation needs to be performed 
in large animals currently. The development of a small 
animal model will be a cost-reduction strategy [98]. In 
addition, concerning animal welfare, an in-vitro organoid 
system will be necessary to reduce the use of animals, 
and the best one will be SAN organoids by human iPSC 

Table 2  Studies involving biological pacemakers in large animals

AdGFP adenoviral construct, and green fluorescent protein, AVJ AV junction, CAVB complete AV block, CM cardiomyocyte, ECG electrograms, hESC human embryonic 
stem cells, hMSCs human mesenchymal stem cells, iPSC induced pluripotent stem cells, LAA left atrial appendage, LB left bundle, LV left ventricle, RA right atrium, RV 
right ventricle, SSS sick sinus syndrome

Studies Year Mechanism Biological agents Delivery 
methods

Target animals 
(injection site)

Functional 
duration

Monitor device Backup 
electronic 
pacemakers

Functional re-engineering

 Edelberg 
et al. [39]

2001 β2-adrenergic 
receptors

Plasmid pBR322-β 
actin promoter-β2 
adrenergic recep‑
tor

Transvenous Healthy swine 
(RA)

4 days Repeated ECGs No

 Qu et al. [29] 2003 HCN2 AdGFP-HCN2 Thoracotomy Healthy canine 
(LAA)

4 days Continuous 
ECGs on day 4

No

 Plotnikov 
et al. [37]

2004 HCN2 AdGFP-HCN2 Transarterial Healthy canine 
(LB)

7 days Continuous 
24-h Holter

No

 Bucchi et al. 
[42]

2006 HCN2 AdGFP-HCN2
AdGFP-E324A

Transarterial Canine 
with CAVB (LB)

14 days Continuous 
24-h Holter

Yes

 Tse et al. [96] 2006 HCN1 AdGFP-HCN1Delta Thoracotomy Swine with SSS 
(LAA)

14 days Repeated ECGs Yes

 Plotnikov 
et al. [123]

2008 HCN2 AdGFP-HCN212 Transarterial Canine 
with CAVB (LBB)

14 days Continuous 
24-h Holter

Yes

 Shlapakova 
et al. [92]

2010 HCN2 AdGFP-HCN2 Transarterial Canine 
with CAVB (LBB)

7 days 24-h Holter 
at day 1 
and day 7

Yes

 Cingolani 
et al. [38]

2012 HCN2 and Kir2 AdGFP-
HCN2 + Kir2.1AAA​

Transvenous Swine 
with CAVB (AVJ)

14 days Intermittent 
24-h Holter 
on day 7 
and day 14

Yes

 Boink et al. 
[33]

2013 HCN2 AdGFP-HCN2/
SkM1
AdGFP-HCN2
AdGFP-SkM1

Transarterial Canine 
with CAVB (LB, 
LV)

7 days Intermittent 
24-h Holter 
from day 5 
to day 7

Yes

Cell-gene hybrid approach

 Potapova 
et al. [95]

2004 hMSC-HCN2 HCN2-expressing 
hMSCs

Thoracotomy Healthy canine 
(LV)

10 days Repeated ECGs No

 Plotnikov 
et al. [43]

2007 hMSC-HCN2 HCN2-expressing 
hMSCs

Thoracotomy Canine 
with CAVB (LV)

6 weeks 24-h Holter 
weekly

Yes

Direct reprogramming

 Hu et al. [91] 2014 Tbx18 AdGFP-Tbx18 Transvenous Swine 
with CAVB (RV 
septum)

14 days Real-time, 
continuous ECG 
telemetry

Yes

Human induced pluripotent stem cell-derived pacemaker cardiomyocytes

 Chauveau 
et al. [44]

2017 iPSC iPSC-derived 
embryonic body

Thoracotomy Canine 
with CAVB (Epi‑
cardium of LV)

3 months 24-h Holter 
biweekly

Yes
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PCs. The delivery method is suggested minimally inva-
sive percutaneous catheter delivery with real-time visual 
monitoring of location and size.

Potential clinical niches of biological pacemakers
It remains in the infancy stage for a biological pacemaker 
to replace the electronic device. However, biological 
pacemakers might provide a therapeutic alternative for 
patients with device-related complications or techni-
cal difficulty and failure. Currently, available electronic 
devices have limitations related to lead or generator mal-
function, insufficient autonomic response, unfavorable 
interactions with magnetic fields, and infections [16, 17, 
28]. A biological pacemaker may be appropriate in these 
circumstances. A minimally invasive delivery system is 
advantageous when delivering the biological pacemaker 
product for the first-in-human application.

Temporal pacing
Even the durability of biological pacemakers is shorter 
than two weeks. Nevertheless, it remains a perfect indi-
cation for replacing temporary electronic pacemakers. 
Temporary pacemaker wires are prone to loss of capture, 
under-sensing over time, and restricting patient mobility. 
Furthermore, using temporary pacing leads before the 
implantation of a permanent pacemaker is positively cor-
related with a higher risk of infection [99]. In this regard, 
a hardware-free, temporary pacing alternative with an 
effective biological pacemaker may be able to provide 
temporary pacing.

Device‑associated infections
Approximately 2% of patients with pacemakers or car-
dioverter-defibrillators have an infection following their 
implantation [35, 100]. Patients with transvenous device-
related infections have a significantly higher mortal-
ity rate (8.4% with pacemaker-related infections), and 
intensive care accounted for almost half of the incremen-
tal admission costs [101]. When another pacemaker is 
implanted, the possibility of reinfection varies between 
2 and 11%, depending on whether the entire system is 
removed [102]. The biological pacemaker needs no hard-
ware and prevents recurrent infection.

No central venous routes for electronic pacemaker
Venous stenosis following transvenous lead implantation 
ranges from 25 to 64% [103, 104]. Up to 26% of patients 
require pacemaker revision following the initial implant 
after 6.2 years [103]. In cases of lack of venous access or 
occluded veins at the upper extremities, surgical epicar-
dial leads and intracardiac leadless pacemakers are rec-
ommended therapeutic alternatives [17]. Transcatheter 
biological pacemakers, similar to a leadless pacemaker 

[105], could be a less invasive alternative than the epicar-
dial approach when central vascular access is difficult or 
unavailable.

High surgical risk
A large prospective multicenter study indicates a 10.1% 
incidence of in-hospital events after the first transvenous 
pacemaker implantation, such as pneumothorax, cardiac 
perforation, lead-related events, device-related events, 
and mortality [106]. Several high-risk factors have been 
identified for complications following pacemaker implan-
tation in previous studies, such as elderly patients, low 
body mass indexes, history of heart failure, or dialysis 
patients [106–108]. Biological pacemakers can be admin-
istered using minimally invasive procedures through 
venous catheter approaches for patients at high surgical 
risk to reduce complications.

Short life expectancy
Deactivating cardiac pacemakers in end-of-life patients 
is a controversial ethical issue [109, 110]. Approxi-
mately 42% of deaths occurred within one day of deac-
tivation, with the median survival time being two days 
[111]. Palliative patients are less likely to undergo surgi-
cal interventions such as intubation, cardiopulmonary 
resuscitation, or pacemaker implantation. In this circum-
stance, a minimally invasive procedure with a venous 
catheter approach to administering a biological pace-
maker would be a choice.

Permanent atrial fibrillation with slow ventricular response
Patients with permanent atrial fibrillation (AF) associ-
ated with AV nodal disease may experience fatigue, diz-
ziness, and syncope symptoms [112]. In these patients, 
AV synchronization is unnecessary; therefore, single-
chamber pacemakers are often used. A minimally inva-
sive biological pacemaker, like a leadless pacemaker 
[113], would have the advantages of preventing pocket 
infections, hematomas, lead dislodgment/fractures, and 
cosmetic appeal compared to the traditional transvenous 
pacemaker. Nevertheless, the current leadless pacemaker 
uses an individually programmable three-axis accelerom-
eter (Micra Transcatheter Pacing System). The motion 
vectors of leadless pacemakers could only achieve an 
adequate quality of rate adaptive pacing in 74.5% of the 
patients during the exercise tests [114]. There is a poten-
tial for autonomic responsive biological pacemakers 
to solve the problem and provide a viable alternative to 
leadless and transvenous pacemakers.

Pediatric patients with indications for electronic pacemaker
Approximately one in 20,000 live-born infants suffer 
from congenital complete AV block, associated with 
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high mortality of up to 34% [115, 116]. A pacemaker is 
implanted in about 90 percent or more of these patients 
[117]. Due to the smaller diameter of transvenous inser-
tion veins in infants and very young children and the 
expectation for thoracic growth causing tension on leads, 
epicardial leads are typically required [118, 119]. How-
ever, epicardial leads are more likely to fracture and expe-
rience exit block, which requires significant surgery with 
all the associated risks for perioperative care [120]. The 
use of an automatic biological pacemaker may be helpful 
in pediatric patients with congenital complete AV block 
since there is no body size limitation and no need for lead 
revision as the patient grows.

Overall, the advent of minimally invasive biological 
pacemakers might create a safe and feasible alternative 
to transvenous lead pacemakers, especially in high-
surgical risk patients, pediatric patients, permanent 
AF patients, palliative patients, or those with vascular 
access site issues or infections that preclude implanta-
tion of an electronic pacemaker.

Conclusions
Reprogramming strategies advance the development of a 
biological pacemaker to a brand-new page. Now, induced 
biological pacemakers are closer to a biological twin to 
the de-novo SAN. It is optimistically believed that the 
hurdles, e.g., durability, will eventually be overcome by 
accumulating efforts before the clinical translation.
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