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1. Introduction

The merging of the fields of nanotech-
nology and regenerative medicine will 
enable advanced medical devices and 
interventions. The tools of molecular 
biology can be combined with engineered 
nanomaterials to be programmed to pro-
vide instruction to biology at an indi-
vidual cellular level to enhance the repair, 
replacement, or regeneration of tissue.[1,2] 
For instance, we and others have recently 
focused on the strategic combination of 
supportive nanoscaffolds with human 
stem cells, thereby supporting these deli-
cate cells to enhance their survival, incor-
poration and regenerative ability, restoring 
a variety of different injured or diseased 
tissues.[3–7] We direct the interested 
readers to the following reviews focusing 
on the deployment of stem cells within 
nanomaterials.[8,9] Such technologies have 
significant potential for the treatment of 
a variety of diseases and injuries, particu-
larly in the context of cell reprogramming.

The incorporation of nanotechnology in regenerative medicine is at the nexus 
of fundamental innovations and early-stage breakthroughs, enabling exciting 
biomedical advances. One of the most exciting recent developments is the 
use of nanoscale constructs to influence the fate of cells, which are the basic 
building blocks of healthy function. Appropriate cell types can be effectively 
manipulated by direct cell reprogramming; a robust technique to manipulate 
cellular function and fate, underpinning burgeoning advances in drug delivery 
systems, regenerative medicine, and disease remodeling. Individual transcrip-
tion factors, or combinations thereof, can be introduced into cells using both 
viral and nonviral delivery systems. Existing approaches have inherent limita-
tions. Viral-based tools include issues of viral integration into the genome of 
the cells, the propensity for uncontrollable silencing, reduced copy potential 
and cell specificity, and neutralization via the immune response. Current 
nonviral cell reprogramming tools generally suffer from inferior expres-
sion efficiency. Nanomaterials are increasingly being explored to address 
these challenges and improve the efficacy of both viral and nonviral delivery 
because of their unique properties such as small size and high surface area. 
This review presents the state-of-the-art research in cell reprogramming, 
focused on recent breakthroughs in the deployment of nanomaterials as cell 
reprogramming delivery tools.
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Clinicians typically require large amounts of regenerative 
cells in order to ensure their survival, integration, and devel-
opment.[10] The challenge is in providing relevant cell sources 
in the required quantity to promote repair. Cell reprogramming 
is a complex process that uses the tools of molecular biology 
to introduce factors that convert mature somatic cells into 
induced pluripotent stem cells (iPSC) or distinct cell lineages 
with regenerative potential. This technology takes advantage 
of recent advances in genetic engineering, where the genomic 
DNA of a cell can be rewritten, reengineered, and manipulated 
to controllably change its fate.[11,12] In this regard, cell repro-
gramming is made possible by the introduction of a single, or 
multiple transcription factors (TFs) into an adult somatic cell to 
generate iPSCs, and more recently, the desired (induced) cel-
lular phenotypes.[13–18] This is achieved as TFs are proteins that 
control gene activity by binding to an identified DNA sequence 
to enhance the rate of gene transcription.[19,20] Most significant 
for regenerative medicine, cell reprograming has enabled the 
generation of iPSCs, including human,[21,22] that provide a sus-
tainable cell source from which the desired cell type/s can sub-
sequently be generated, with potential for autologous transplan-
tation and without the ethical constraints of embryonic stem 
cells.[23,24]

Nobel prizing winning research by Yamanaka and his group 
in 2006 first revealed that a range of somatic cells can be repro-
grammed into an embryonic stem cell-like state by transduc-
tion with four TFs—Oct4, Sox2, Klf4,  and c-Myc—a process 
that takes about three weeks. Essentially, the mouse embry-
onic fibroblasts were reprogrammed into iPSCs, resembling 
embryonic stem cells phenotypically, molecularly, and mor-
phologically.[21,25] The discovery of iPSCs led to the idea that 
a particular combination of identified factors can epigeneti-
cally change the gene expression potency of a cell, permitting 
a greater level of cell type plasticity in comparison to using a 
single factor.[26] This highlights the importance of reprogram-
ming factors in erasing the identity of somatic cells, activating 
the pluripotency-inducing genetic program, promoting mesen-
chymal-to-epithelial transition,[27,28] and reorganizing the epige-
netic landscape crucial for maintaining and inducing pluripo-
tency.[29,30] It followed that human somatic cells were also suc-
cessfully reprogrammed to a pluripotent state using the same 
abovementioned TFs[22,31–37] or applying a cocktail of other TFs 
(Oct4, Sox2, Nanog, and Lin28).[38]

In recent years, a multitude of protocols have been developed 
to further improve the efficacy of cell reprogramming. In rou-

tine reprogramming methodology, cells are first transformed 
into an iPSC status followed by their differentiation into pref-
erence cell lines to generate abundant reprogrammed cells.[21] 
While these significant breakthroughs have revolutionized the 
field, the technology still has some risks such as epigenetic and 
genetic abnormalities, along with an enhanced risk of immu-
nogenicity and tumorigenicity when transplanting iPSC deriva-
tives. Further, obstacles are the low-conversion efficiency, the 
speed at which reprogramming and differentiation protocols 
operate, as well as the unstable differentiation—all of which 
have introduced roadblocks to the clinical promise of iPSCs.[39]

To circumvent these limitations, direct cell reprogramming 
(transdifferentiation) (Figure 1) has emerged through which 
fully differentiated somatic cells are capable of being directly 
converting into specific cell types without passing through 
intermediate iPSC state. This is achieved by overexpression of 
defined TFs,[26] chemical compounds, or microRNA.[40] Indeed, 
studies have now demonstrated that this process can be used 
to develop a variety of the cell types with phenotypes typical of 
neurons,[41,42] embryonic Sertoli-like cells,[43] immune T cells,[44] 
endothelial cells,[45] renal tubular epithelial cells,[46] cardiomyo-
cytes,[26,47–49] human or mouse hepatocytes,[50,51] and pancreatic 
β cells.[52,53] In general, a similar reprogramming process is fol-
lowed, whereby precise reprogramming factors are introduced, 
and in some cases—a single TF—to achieve direct reprogram-
ming. By eliminating cell division and pluripotent steps, the risk 
of mutations and tumorigenicity is minimal, and the TF-medi-
ated transdifferentiation process is much shorter (≈2–3 weeks), 
which makes direct conversion more appealing for translational 
technologies for emerging cell-based therapies.[13,21]

More recently, indirect reprogramming is also being 
actively investigated. It involves the conversion of somatic cells 
applying Yamanaka TFs via inducing a partially reprogrammed 
cell transiently, which will differentiate into the desired target 
cell[54] (Figure 1). Similarly, this process does not induce pluri-
potent cells; as a result, the risk of teratoma formation, which 
is associated with iPSCs generation is mitigated. Various types 
of multipotent progenitors, as well as lineage-specific cells from 
human and mouse, have been produced applying an indirect 
reprogramming procedure.[55–58]

As most reprogramming factors are genetic molecules, 
inserting these molecules into the body can trigger adverse 
immune responses.[59] These TFs also cannot maintain their 
activity under the harsh condition of the body with unsuitable 
acidity, temperature, etc.[60] Their limited ability to enter the 
cells and also the cell nucleus is another challenge of the cell 
reprogramming procedure.[59,61]

Two methodologies, (i.e., viral and nonviral approaches), are 
available to circumvent these issues, each with its advantages 
and limitations. To make these strategies functional, the fol-
lowing aspects need to account for. It includes not triggering 
the immune system response, having the ability to infect both 
non-dividing and dividing cells, and capable of delivering the 
therapeutic genes into the desired cell population while at the 
same time avoiding off-target spread throughout the body.[62]

Although significant breakthroughs have been made, chal-
lenging questions remain which must be answered. Currently, 
virus-mediated DNA transfer is at the forefront of tech-
nology for gene delivery, due to their evolutionary capacity to 
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incorporate new genetic materials into a cell with diagnosti-
cally measurable and persistent effects. For example, one of 
the world’s newest forms of cancer immunotherapies, CAR-T 
cell therapy, relies on viral delivery vectors; but manufacturing 
today’s viral-based CAR-T cell therapy is extremely expensive 
(manufacturing costs  >  $1M), involving complex (a lengthy 
viral transfection process with many biosafety checkpoints due 
to an elevated risk of insertional mutagenesis) and slow manu-
facturing (global limitation in the capacity to produce clinical 
grade vector). These are serious hurdles for widespread imple-
mentation of CAR-T cell therapy—a problem that will worsen 
as demand increases. Despite some success and the develop-
ment of numerous serotypes (e.g., in adeno-associated virus 
[AAV]), efficient and targeted delivery remains a challenge, and 
issues associated with packaging size, off-target effects, neutral-
ization via the host immune system, and virion dissemination, 
can result in long-term transduction efficiencies below those 
required for clinical applications.[63]

In this review, we seek to highlight the efforts that have 
been made to engineer a means of improving the mecha-
nism, efficacy, and selectivity of viral vector delivery using 
nanoscale materials. One such approach is by exploiting the 
rapid advancements in biocompatible nanomaterials to produce 
engineered gene delivery vehicles, capable of sustained delivery, 
deliberate and targeted expression of proteins at a site of clin-
ical need while reducing off-target toxicity.[64–66] A key advan-
tage from a delivery viewpoint is an ability to screen for effec-
tive non-immunogenic nanomaterials that can be engineered 
as a package to protect against the humoral immune response 
sometimes resulting in rapid neutralization of the virion.

Nanomaterials are defined as materials having a typical size 
range less than 100 nm, with three key properties that can have 
benefits in biology.[67] First, and similar to AAV, the subcellular 
size of nanomaterials makes it possible to intimately interact 
at spatial scales relevant to cells that lead to effective bioactivity 
and cytocompatibility. Second, these materials can be tuned 

for more desirable and controlled electrical, optical, magnetic, 
and mechanical properties compared to micro- and macro-scale 
materials, resulting in superior control of cell functionalities. 
Third, surface characteristics of the nanomaterial can be engi-
neered to closely match those of tissue structures, enabling 
mimicry of the surface energy and topography of the extracel-
lular matrix.[68–70] In regenerative medicine and related biomed-
ical approaches, nanomaterials are already frequently being 
utilized in applications such as cellular modification, isolation, 
tracking, biomolecules delivery system, biosensing nanotools, 
as well as scaffolds for cell growth.[70–72]

More recently, nanomaterial solutions to gene therapy chal-
lenges have shown it is also possible to harness nanomaterials 
to shield systemically introduced viral vectors from the host 
immune response achieving a safer and more efficient viral-
based gene delivery.[73] While less of an issue when vectors are 
administered directly into more immune privileged sites such 
as brain or eye, pre-existing antibodies can trigger the deactiva-
tion of the viruses inducing humoral immune responses that 
significantly compromised the therapeutic success of the viral 
vectors in more widespread gene delivery.[74–79]

Whilst molecular biology approaches have largely enabled 
evasion of these immune responses,[63,80] a growing number 
of nanomaterials including nanoparticles (NPs), liposomes, 
and polymers, have demonstrated novel potential to modify 
and preserve viral vector surfaces from enzymatic degrada-
tion and host-immune responses.[76,81–89] For example, polyeth-
ylene glycol (PEG) has been extensively studied as a so called 
“stealth” polymer, and offers the capacity to protect proteins 
against humoral immune responses, thereby extending circula-
tion time of viral vectors,[90–95] with similar benefits to protect 
viruses against neutralizing antibodies when employed as a 
coating material.[96–101]

There are also a variety of synthetic nanoscale nonviral 
delivery systems, so called nanocarriers, which can be fabricated 
from well-tolerated organic and inorganic materials including 
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Figure 1. Schematic illustrating the process of direct and indirect reprogramming of somatic cells. This figure contains modified elements from Servier 
Medical Art (http://smart.servier.com). Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.
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lipids, polymers, peptides, metals and ceramics.[102–104] Further-
more, composite nanocarriers have been fabricated from both 
organic and inorganic materials (called hybrid nanocarriers), 
with demonstrably improved efficiency than homogenous sys-
tems. The complementary functions of these materials enable 
an engineered approach to enhance functionality.[105,106]

Through the careful selection of biomaterials, researchers 
can unlock the full potential of cell reprogramming to pro-
mote and/or enhance the regenerative capacity of diseased and 
damaged tissue using the patients’ own cells. In this review, 
we present a timely overview of the application of nanomate-
rials as designed systems to enhance the reprogramming effi-
ciency and highlight the potential of nanomaterials to protect 
the reprogramming factors from degradation and detection 
by the immune system as well as to improve the rate of cells 
integration.

2. Cell Reprogramming Approaches

Cell reprogramming requires the delivery of a subset of defined 
factors, known as reprogramming factors, designed to increase 
the duration of TFs expression; a powerful strategy compared 
with the traditional approaches of cell fusion and somatic cell 
nuclear transfer.[102,107] The most popularly employed TFs are via 
the genes that are commonly expressed during cellular develop-
ment. These TFs are involved in maintaining the pluripotency 
capacity of different subdivisions of cells and, later, comprising 
both the pre-implantation embryo’s inner cell mass (ICM) 
within the blastocyst as well as the embryos, respectively.[13,108]

Traditionally, a wide variety of epigenetic and genetic regula-
tors or reprogramming factors have been applied; these include 
messenger RNA (mRNA),[109] TFs in the form of proteins,[110,111] 
micro RNA (miRNA),[112,113] episomal plasmids,[114,115] small 
molecules,[116–118] and synthetic TFs.[119,120] Although these repro-
gramming factors can influence the genome via changes in the 
potential reproducibility and efficiency of reprogramming, the 
engineering and optimization of advanced delivery systems 
can significantly improve the efficacy.[121,122] For this purpose, a 
variety of viral and nonviral vector strategies have been devel-
oped. Also, a variety of chemical and physical approaches have 
been utilized to facilitate the introduction of DNA expression 
vectors into mammalian cells in vitro and in vivo.[123,124] The 
following sections provide an overview of the principal vectors 
employed to reprogram different cells.

3. Cell Reprogramming by Viral Vectors

Viruses can only replicate within an organism’s living cells and 
are capable of infecting all life forms. A virion, an infectious 
and complete viral particle, comprises of nucleic acids, which 
are coated by a protective protein layer, known as a capsid. This 
capsid is generated from proteins encoded by using viruses’ 
genome, and the shape and structure of this capsid forms the 
basis for morphological distinctions and tropic capability. An 
envelope adds an additional covering layer, which is normally 
derived from the modified membranes of host cells. Both gly-
coproteins of the virus envelope and capsid proteins participate 

in the attachment and interaction of the virus with the host cell 
surface receptors. These interactions determine viral cellular/
tissue tropism, which is known as the virus specificity to the 
certain host tissue. In fact, a variety of modifications in capsid 
proteins amino acid sequences can generate various virus 
serotypes determining viral tropism. A procedure employed 
to exchange the capsid proteins or envelope glycoproteins of a 
virus with those of another is called viral pseudotyping, and can 
be applied to develop a vast range of viruses with new tropism 
and modified characteristics. This has the advantage of not only 
improving the transduction efficiency of viral vectors but also 
expanding or restricting tropism.[125] These viruses are catego-
rized based on their structural and molecular characteristics, 
such as the class of their nucleic acids, their mode of genome 
replication, and the presence or absence of envelope in the 
structure.[126,127]

The selection of a preferable viral vector depends on the 
research application. It involves the choice of defined parame-
ters of expression systems including the expression type (stable 
versus transient), the type of different enhancer/promoter 
sequences, and the desired expression level. The method of 
transfection together with the level of the purification of vec-
tors greatly affects the efficiency of transfection. For a more in-
depth discussion of the molecular biology techniques behind 
the viral cell reprogramming, the interested reader is referred 
to the detailed background in the Supporting Information.

4. Cell Reprogramming by Nonviral Vectors

Vectors that rely on a nonviral delivery approach make up the 
other category of cell reprogramming vectors.[107,128] Nonviral 
gene delivery systems are a widely used, have great poten-
tial for tissue engineering and regenerative medicine and 
have some advantages over integrative viral delivery methods 
including lower immunogenicity and toxicity, better cell speci-
ficity, superior modifiability, and higher productivity.[105] How-
ever, despite such advantages, nonviral cell programming is 
generally characterized by lower efficiency compared to viral-
based approaches.[129] The main biological barriers in nonviral 
reprogramming factors delivery include the extracellular envi-
ronment, cell membrane, endosomal system, nuclear barrier, 
and disruption of transcription/translation.[130,131] To overcome 
these barriers to enhance the efficiency of nonviral reprogram-
ming, some techniques such as the use of physical systems 
(e.g., electroporation,[132] sonoporation,[133] photoporation,[134] 
and mechanical disruption[135–137]), biological (plasmid and 
minicircle DNA), along with chemical vectors (i.e., nanoma-
terials-based delivery systems) can be applied to deliver repro-
gramming factors into the cell cytoplasm or nucleus.[102]

4.1. Physical Methods in Nonviral Cell Reprogramming

In delivering reprogramming factors into the somatic cells by 
physical methods, cells wall interrupt temporarily by physical 
stimulation such as sound waves, electricity, light, or pres-
sure. The details of the most applicable physical techniques in 
cell reprogramming including electroporation, sonoporation, 
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photoporation, microinjection, and microfluidic can be seen in 
Table 1. To improve the efficiency of these methods, a combina-
tion of them can be applied. For instance, using microfluidic-
based electroporation can improve cell viability, reprogramming 
efficiency,[138] and control the delivery dose of reprogramming 
factors.[139] Moreover, nanocarriers can be used alongside phys-
ical methods to protect reprogramming factors from degrada-
tion under harsh conditions such as electrical field and high 
temperature as a result of laser irradiation.[140]

Along with the mentioned physical methods, several new 
nanotechnology-based methods have emerged. For example, 
nanoneedles/nanoprobes can be employed for bioactive 
cargo delivery (plasmid DNAs, siRNAs, peptides, and pro-
teins) directly into cells.[141–144] To our knowledge, Wang et  al. 
(2020) were the first to demonstrate cellular reprogramming 
with 1.17  ±  0.28% efficiency using nanoneedle technology[145] 
impressively two orders of magnitude higher than the cur-
rent approaches that involve plasmid delivery. In their work, 
diamond nanoneedle (average dimension: diameter 300  nm, 
height 5  µm, density 6.6  ×  104  mm−2, and of cylindrical tip 
shape) arrays enabled transient delivery of mini-intronic 
plasmid (MIP) vectors, that resulted in the conversion of 
human neonatal dermal fibroblast (HDFn) cells to both primed 
iPSCs and naıv̈e iPSCs (Figure 2). Critical for their success, 
nanoneedles were inverted and penetrated the cell from the top 
(rather than the bottom) by pressing or poking the arrays onto 
the cell. The MIP vector contained the TFs necessary to drive 
iPSC reprograming, including Oct4, SOX2, KLF2,  and c-MYC 
(commonly referred to as OSKM).[146] Upon nanoinjection, the 
cells were cultured under feeder-free conditions for 15–24 days, 
resulting in a high reprogramming efficiency.

4.2. Biological Vectors in Nonviral Cell Reprogramming

When it comes to biological vectors, applying plasmid vectors 
that are invulnerable to exonucleases in comparison with the 
linear DNA (which are sensitive to degradation), is a simple, 
fast, reproducible, non-integrated, and cost-effective tech-
nique for exogenous gene expression[150] (Figure 3f). However, 
plasmids contain bacterial sequencing may cause immuno-
genicity[151] and their reprogramming efficiency is lower than 
using viral vectors. Moreover, nucleofection is the most 
common delivery process in cell reprogramming via episomal 
plasmid vectors, which result in the variable gene expression 
in each cell because of various vector endocytosis.[152] To cir-
cumvent these challenges, minicircle DNA vectors, which are 
derived from a parental plasmid, were introduced. In such vec-
tors, the bacterial sequences of plasmid were eliminated and 
due to the smaller size, cell penetration was easier than that 
of in plasmid vectors[151] (Figure 3g). Although using minicircle 
vectors is much safer than plasmid vectors, its applications are 
limited because of the complicated production procedure.[153]

Nonviral transposition systems (sleeping beauty and Pig-
gyBac) are also biological delivery systems that can be used 
for permanent expression. Transposon is a movable DNA 
piece that can alter its relative location within the genome 
(Figure 3h). PiggyBac transposon vectors are the most popular 
transposon-based vectors in cell reprogramming.[128,154] These 
vectors make deletion and insertion of a specific gene code pos-
sible by cutting and pasting their gene code cargo.[153] PiggyBac 
transposon has some advantages including a safe gene delivery 
due to its “footprint-free excision” character, convenient produc-
tion process, high transposition activity because of its superior 
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Table 1. Comparison of different kinds of physical methods as nonviral approaches in cell reprogramming.

Type Mechanism Advantages Limitations Citation

Electroporation (Figure 3a) An electric field is applied to the cells to 
increase their permeability, which in turn 
enhances the reprogramming efficiency  

by boosting the delivery rate of  
reprogramming factors

• Working with any cell type in all 
stages of the cell cycle

• Working with low reprogramming 
factors

• Fast and facile
• Low cost

• Low cell viability
• Versatility in efficacy (cells 

electrical properties affect 
its efficiency)

• Damaging reprogramming  
factors via electric field

• Randomly transfection

[19,102,139,147]

Sonoporation (Figure 3b) Ultrasound waves create a stream of  
microbubbles loaded with reprogramming  

factors to transfer them into the cell  
membrane by transient shear stress

• Low invasion • Low efficiency
• Low cell viability
• Low precision
• Randomly transfection

[19,133]

Photoporation (optoporation) 
(Figure 3c)

A single laser pulse creates small pores on the 
cell wall and increases the rate of  

reprogramming factors penetration  
into the cells

• Deep tissue penetration
• High accuracy
• Low invasion
• Working on single-cell

• Low irradiation area (the  
impossibility of applying 
to a  
large number of cells)

[19,106,134,148]

Microinjection (Figure 3d) Inserting reprogramming factors directly 
into the cytoplasm through micropipette, 

microneedle, etc.

• Working on all cell types with any 
kinds of reprogramming factors

• Working on single-cell

• Low throughput [149,135]

Microfluidic (Figure 3e) Microfluidic with channels smaller than the 
diameter of the cell causes cell membrane 

deformation and increases the permeability  
of cells to intake reprogramming factors in  

the surrounding buffer

• Working on single-cell
• Preventing the entrance of 

unwanted external materials into 
the cells

• high accuracy
• high cell viability

• Difficult to work on a large 
number of cells

[135]
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packaging capacity, as well as the high transposition efficiency 
in a vast range of organisms from yeasts to mammals.[154,155] It 
should be noted that transposons should be combined with a 
plasmid to be able to enter the cells.

CRISPR/Cas9  gene editing tools represent another class 
of biological vectors composing a nucleus named Cas9  and a 
guide RNA. In gene editing by CRISPR/Cas9, the target DNA 
sequence is detected by a reprogrammable 20bp  sequence in 
guide RNA and cut by Cas9, which is an enzyme.[156] By binding 
the transcription activators to CRISPR gene editing tools, they 
can be employed as a delivery system for reprogramming fac-
tors. In this regard, the expression of TFs increases as a result 
of knocking in the transcription genome into the DNA of target 
cell after its cleavage by Cas9 (Figure 3i).[157]

4.3. Chemical Vectors in Nonviral Cell Reprogramming

In addition to the mentioned nonviral methods, nanocarriers 
as chemical vectors can be considered as promising delivery 

systems for reprogramming factors that enhance the rate of cell 
diffusion and reprogramming efficiency owing to their size and 
high surface area.[102] As some reprogramming factors such as 
exogenous proteins and DNA plasmids cannot pass through 
the cell wall because of their large size and surface character-
istics, nanocarriers can be employed to condense these macro-
molecules and protect them from degradation by extra- or 
intra-cellular enzymes.[104,158]

As the focus of this review is the application of nanomate-
rials as a controlling system for cell reprogramming, the chem-
ical vectors either as a vector to deliver reprogramming factors 
into the cells or a delivery system to transfer reprogramming 
factors to the specific location in vivo, will be discussed below 
in further detail.

4.4. Nanomaterials for Nonviral Programmed Delivery

Nanomaterials, especially nanocarriers, offer great flexibility 
in their chemical composition, design and fabrication, surface 
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Figure 2. Nanoinjection for cellular reprogramming. a) Schematic of the nanoinjection-assisted cellular reprogramming by intracellular delivery of MIP 
plasmid to HDFn cells. b) FIB-SEM of the nanoneedle–membrane interface, showing membrane penetration by the nanoneedles (red arrow indicating 
the sites of impingement). c) Nanoinjection-assisted reprogramming timeline for generating primed iPSCs (top) and naı ̈ve iPSCs (bottom). Repro-
duced with permission.[145] Copyright 2020, American Chemical Society.
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area, and surface functionalization, making them well suited as 
an effective nonviral delivery system for cell reprogramming.[159] 
Furthermore, fundamental innovations and early-stage break-
throughs in the design and engineering of nanomaterials 
have already generated the basic knowledge for orchestrating 
cellular processes, especially intracellular delivery.[160–163] This 
new technology is set to offer a new path to better approaches 
to therapeutic delivery.[164] Necessary to achieve such a transla-
tional goal, it will be crucial to develop efficient, rapid, nonde-
structive, and scalable routes for direct access to intracellular 
environments.[165] Such advances would unlock the potential for 
breakthroughs in fundamental cellular studies and enable the 
orchestration of cellular reprogramming with higher efficiency 
and greater predictability. The most applicable nanomaterials 
that have been used for cell reprogramming can be categorized 
into three groups called organic, inorganic, and hybrid nano-
carriers (Figure 4).

4.4.1. Organic Nanocarriers

Organic nanocarriers are engineered from a vast range of 
materials that can be rationally designed with a variety of char-
acteristics based on the desired target, moiety, and cargo. The 
most applicable organic nanocarriers as chemical vectors in 
the field of cell reprogramming can be categorized into three 
main groups including lipid-, polymer-, and peptide-based 
nanocarriers.

Lipid-Based Nanocarriers: Lipid-based vectors are well-estab-
lished technology whereby liposomes, made up of the phospho-
lipid phosphatidylserine, were shown as early as the 1980’s to 
cross mammalian cell walls and deliver DNA.[166] Since then, 
research developed DOTMA, a synthetic cationic liposome, and 
the first liposomal vector capable of delivering DNA plasmids 
into different cell types in vitro. However, this liposome-based 
delivery system was limited due to its surface charge which can 
cause cytotoxicity.[167] In cell reprogramming, lipid-based vec-
tors can be categorized into two groups of liposomal vectors 
including synthetic cationic liposomes (e.g., DOPC, DOSPA, 
DOTAP, DMRIE, and DC-cholesterol), and commercial lipo-
somal transfection agents (e.g., Lipofectamine,[109] Dharma-
FECT1,[168,169] and TransIT[170]); as well as nonliposomal vectors 
such as solid lipid NPs,[171,172] and FuGENE.[173]

In general, liposomal nanocarriers comprise a group of 
amphiphilic molecules with a hydrophilic head, and one 
or two hydrophobic tails.[131] They can deliver a vast range of 
reprogramming factors including DNA, RNA, and genome-
editing proteins.[102] Synthetic cationic liposomes are the most 
applicable lipid-based vectors in cell transfection, composed of 
lipid molecules with a linking group between the cationic head 
and hydrophobic tail, which can bind to the nucleic acid and 
negative molecules (Figure 5A).[131] The cationic lipids increase 
cellular uptake of their cargo through attachment to the nega-
tively  charged glycoproteins and proteoglycans presented on 
the cell’ membrane. Some of the common cationic lipids in 
liposomal gene delivery are DOSPA, DOTAP, DMRIE, and 
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Figure 3. Applicable physical methods namely a) electroporation, b) sonoporation, c) photoporation, d) mechanical disruption, and e) microinjection 
as well as different kinds of biological vectors including f) plasmid, g) minicircle, h) transposon, and i) CRISPR/Cas9 gene editing tools in nonviral cell 
reprogramming. This figure contains modified elements from Servier Medical Art (http://smart.servier.com). Servier Medical Art by Servier is licensed 
under a Creative Commons Attribution 3.0 Unported License.

https://smart.servier.com
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Figure 5. Schematic and chemical structures of lipid-based nanocarriers. A) Different parts of a synthetic cationic lipid, helper lipid, PEGylating 
lipid, and a section of liposome wall. B) Chemical structures of the most common synthetic cationic lipids using in cell reprogramming.  
C) Schematic demonstrated the placement of helper lipids in the wall of liposomes and chemical structure of these types of lipids. Abbrevia-
tion: DOSPA, 2,3-dioleyloxy-N-(2-(sperminecarboxamido)ethyl)-N,N-dimethyl-1-propanaminium; DOTAP, 1,2-Dioleoyl-3-trimethylammonium-
propane; DMIRE, 1,2-dimyristyloxypropyl-3-dimethyl-hydroxy ethyl ammonium bromide; DOPE, dioleoylphosphatidylethanolamine; DOPC, 
1,2-Dioleoyl-sn-glycero-3-phosphocholine.

Figure 4. The flow chart displays different kinds of nonviral chemical nanocarriers.
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DC-cholesterol (Figure  5B), which are modified structures of 
the abovementioned three groups.[174] One of the limitations of 
utilizing cationic lipid-based vectors is their low efficiency due 
to poor stability and rapid clearance. Moreover, as their sur-
face charge is positive, they can cause toxicity or inflammatory 
responses.[131,175] To circumvent these issues, several natural 
lipids (including DOPE, DOPC, cholesterol, phosphatidylcho-
lines, and PEGylating lipids), can be applied as helper lipids 
in the structure of liposomes to moderate nanocarriers surface 
charge and improve their stability as well as reprogramming 
efficiency (Figure  5C).[102,131] Note that size, geometry, the sur-
face charge and structure, as well as the nature of lipid anchor 
and linker bondage of lipid nanocarriers, have a significant 
impact on their transfection efficiency.[106,176]

As discussed above, these types of nanocarriers have been 
used to enhance reprogramming efficiency by increasing cell 
penetration and have, for example, been used in the context 
of reprogramming fibroblasts into iPSCs using RNA-medi-
ated Lipofectamine RNAiMAX transfection reagent.[109] Using 
lipid-based vectors not only raised the efficiency of indirect 
reprogramming, but lipid-based transfection of miRNA could 
reprogram mouse cardiac fibroblasts directly into cardiomyo-
cytes in vitro and in vivo.[169] Correspondingly, delivering miR-
21, which is crucial for macrophages conversion, by DOPC/
MDOPE/Tween-80/DiO lipid NPs could reprogram mac-
rophages at the wound site to fibroblast-like cells in vivo.[177] 
Cationic bolaamphiphiles, which are amphiphilic molecules 
have also been deployed to deliver protein complexes con-
taining Nanog, Sox2, Klf4, and Nr5a2, into the fibroblast cells 
resulting in efficient iPSCs reprogramming.[178] These vectors 
can also be used in combination with a physical technique like 
electroporation to enhance the rate of transfection.[170]

Of the nonliposomal nanocarriers, solid lipid NPs are one of 
the most commonly used vectors with the potential of trans-
fecting different types of cells. Solid lipid vectors are submicron 
NPs with lipid core that are stabilized in an aqueous solution 
by surfactant.[179] The interaction between cationic solid lipid 
NPs with negatively  charged genetic molecules (e.g., DNA 
and RNA), decreased their cytotoxicity and made it a useful 
delivery system for these types of reprogramming factors.[171] 
To this end, different types of solid lipid vectors such as octa-
decylamine-[171] and stearamide-[172] based solid lipid NPs have 
been used to deliver Yamanaka factors into the fibroblast cells 
to generate iPSCs.

FuGENE as another type of nonliposomal nanocarriers[104] 
can deliver genetic molecules into various types of cells with 
high efficacy and low cytotoxicity. Moreover, as FuGENE can 
work in the presence or absence of serum and produce min-
imal toxic lipid complexes that do not require elimination 
after transfection, it provides favorable conditions for cells.[180] 
Although FuGENE has been widely used in gene delivery and 
gene therapy, its application in cell programming has been less 
common. However, PiggyBac transposase and PiggyBac trans-
poson plasmids have been recently transferred into mouse 
somatic cells to generate primary iPSCs[173] that generates much 
optimism for similar approaches in the near future. That said, 
further studies are required to fully elucidate the benefits and 
capacity/capability of this transfection reagent for the purpose 
of cell reprogramming.

In addition to cationic lipids, there is another type of lipids 
named ionizable lipids with a controllable charge by the pH 
of its environment. In acidic pH, ionizable lipids have a posi-
tive charge, which allows them to condense negatively charged 
nucleic acids. However, in the physiological environment, they 
are neutral resulting in lower toxicity[181] and longer half-life of 
their cargo,[182] which causes higher transfection efficiency than 
cationic lipids.[183] After administration of these kinds of lipids 
into the body, they can enter into the cells by clathrin-mediated 
endocytosis, and as a result of endosomal pH (5.5–6.5), their 
charge becomes positive, causing endosomal membrane dis-
ruption and intracellular delivery of their cargo.[182] The first 
Food and Drug Administration (FDA)-approved ionizable lipid-
based transfection agent was developed for siRNA delivery in 
2018, which was composed of DLin-MC3-DMA.[184] While these 
types of lipids show a lots of potential to be used as delivery 
systems for cell reprogramming, they have less been used in 
this application.

Polymer-Based Nanocarriers: Cationic polymers are often exploited 
for gene delivery due to their biocompatibility, chemical variety, 
and ease of functionalization.[131] The application of cationic pol-
ymers as DNA vectors is well established, for instance, poly(L-
lysine) has been readily used for condensing DNA.[185] However, 
without modification, cationic polymers can cause cytotoxicity 
and display poor transfection activity due to their inability to 
escape from the endosome.[174,186,187] Having said this, polyethyl-
enimine (PEI) has demonstrated the ability for DNA condensa-
tion and endosomal escape.[188] The cytotoxicity and transfection 
efficiency of PEI is also related to its structural properties such 
as molecular weight[189] and the types of chains that are formed 
(linear or branched).[190] The electrostatic interaction between 
the anionic nucleic acids and the cationic polymers makes 
nanosized complexes named polyplexes which can interact with 
the cell membrane and deliver cargo into the cells. After that, 
nucleic acids are released through an endosomal escape mecha-
nism to enter the nucleus and express the desired genes.[191]

Polysaccharides represent another class of polymer nano-
carriers. Polysaccharides are natural biopolymers employed as 
polymeric backbones in the formation of NPs-based vectors.[102] 
A key advantage of polysaccharides is their molecular diversity, 
which facilitates easy modification of their physicochemical 
properties based on the desired cargo and target.[192] By way of 
example, human umbilical cord mesenchymal stem cells have 
been reprogrammed into iPSCs by delivering the plasmid mix-
ture (containing Oct4, Sox2, and miR302-367  codes) via cati-
onized Pleurotus eryngii (P. eryngii) polysaccharide NPs.[193] It 
has also been reported that chitosan NPs can be engineered to 
act as a delivery system for recombinant Oct4  into the human 
fibroblast nucleus to produce transgene-free iPSCs.[194] These 
NPs can also be used for direct reprogramming as reported that 
Porphyra yezoensis polysaccharide NPs could efficiently carry a 
cocktail of plasmids encoding Ascl1, Brn4, and Tcf3  to trans-
differentiate mouse fibroblasts into neural cells.[195] Although 
natural polymer-based NPs displayed promising outcomes in 
direct and indirect cell reprogramming, limitations in their 
sources and high variability based on their nature should not 
be ignored, which can be overcome by using the application-
specific toolkit of synthetic polymer chemistry.

Adv. Mater. 2022, 34, 2108757
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Nanocarriers fabricated from such synthetic polymers can 
deliver a vast range of reprogramming factors and be ration-
ally designed for specific biological conditions.[102] Considering 
these advantages, synthetic polymer-based NPs have been 
extensively employed in the field of cell reprogramming. The 
NPs derived from synthetic polymers (such as cationic biode-
gradable polyurethanes, poly[β-amino ester] [PBAE], PEI, and 
dendrimers) protect reprogramming factors from degradation 
and enhance delivery efficacy.[196] In this regard, Oct4/SirT1 was 
delivered into light-injured rat retinal pigment epithelium cells 
by polyurethane-short branch PEI (Figure 6) that resulted in 
the improvement of electroretinographic responses of cells 
and reduction of the intracellular ROS and hydrogen peroxide 
by enhancing the expression of antioxidant enzymes.[197] After 
delivering reprogramming factors into the cells, these types 
of polymers undergo degradation and release their cargo into 
the cytoplasm. Therefore, selecting a polymer that is able to be 
digested or eliminated after this releasing process, without any 
obvious cytotoxicity, is of paramount importance.

One of the commonly used synthetic polymers as a gene 
delivery system is PBAE, which was first synthesized by Robert 
Langer and his group in 2009.[198] This polymer consists of 
branched amino groups that aid endosomal escaping, as well 
as an ester backbone that can be hydrolyzed under biological 
conditions.[104,199] Higher molecular weight PBAE has shown 
lower cytotoxicity and higher transfection efficiency since its 
surface charge decreases with increasing hydrophobic moieties, 
and more stable interactions are formed between the nanocar-
riers and their cargo.[175,200] Several studies have reported the 
application of PBAE NPs as a delivery system for indirect[201,202] 
and direct[203] cell reprogramming. This polymer has also been 
employed for the delivery of genes encoding disease-specific 
chimeric antigen receptors to reprogram T cells in vivo for 
cancer treatment.[204] Comparing the two PBAE NPs and elec-
troporation nonviral systems for delivering DNA plasmids 
into human primary fibroblasts and dermal fibroblasts derived 
from patients with retinitis pigmentosa, both of these systems 
demonstrated the expression of pluripotent markers. However, 
generation of iPSCs-like cells by electroporation was faster and 
the cells generated by the NPs-based method showed some 
gross karyotypic abnormalities.[202] These results indicate that 

using a NPs-based vector does not necessarily pose less risk 
than the other approaches and the expression of pluripotent 
markers does not provide sufficient evidence to assure that the 
reprogramming is successful.

Dendrimers are synthetic polymer-based nanocarriers that 
are also suitable for cell reprogramming owing to the capacity 
for high loading efficacy and ease of functionalization.[102] In 
general, dendrimers are defined as highly branched polymeric 
macromolecules composed of a multifunctional core mole-
cule and alternative layers of monomers.[104,205] In the field of 
cell reprogramming, polyamidoamine dendrimers have been 
deployed as a gene transfection vector due to its positive charge, 
which makes gene loading, cells penetration, and endosomal 
escape, possible.[206] In this regard, arginine-terminated genera-
tion 4 polyamidoamine dendrimer was used to transfect mouse 
embryonic fibroblasts by a single plasmid encoding OSKM 
factors known as pOSKM to generate iPSCs. The transfection 
efficiency of this method was reported to be about 5% higher 
than that of Lipofectamine 2000, and 8% higher than that of 
FuGENE HD.[207] However, dendrimers come with potential 
cytotoxicity and the challenge of nucleic acid release from den-
drimer complexes.[208]

Peptide-Based Nanocarriers: As discussed above, exogenous pro-
teins and DNA plasmids cannot enter the cells due to their 
large size.[158] However, there are some proteins rich in lysine 
or arginine called cell-penetrating peptides (CPP) that are able 
to enter the cells. Inspired by the structure of these proteins, 
scientists have used peptides containing CPP sequences as a 
promising vector for gene/drug delivery.[209] CPP utilizing as 
a gene delivery system was initiated in 1997  when Heitz and 
Divita showed that amphipathic MPG peptides could efficiently 
deliver the gene into mammalian cells through forming NPs 
with DNA by electrostatic and hydrophobic interactions.[210] 
CPPs are not only applicable as chemical vectors for repro-
gramming, but have also shown utility by converting human 
fibroblasts to the embryonic body-like cluster without pos-
sessing any reprogramming factors.[211] Two commonly used 
CPP-based vectors in cell reprogramming are polyarginine with 
11  arginine residue (11R) and trans-activator of transcription 
(TAT).[104,212]

Adv. Mater. 2022, 34, 2108757

Figure 6. A) The chemical structure of biodegradable polyurethane branched PEI. B) The process of cell\s transfecting by PU/PEI contained cDNA for 
OCT4 and SirTi. Reproduced with permission.[197] Copyright 2011, Elsevier.
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Whilst relatively new, the evidence for CPP-based nanocar-
riers as cell reprogramming tools has continued to evolve. An 
excellent example is the recent generation of iPSCs from fibro-
blast cells through transduction of fused 11R to C-terminus of 
OSKM.[111,213] Another potential CPP-based nanocarrier in the 
field of reprogramming is HIV TAT causing an effective iPSCs 
induction by linking these CPP to reprogramming proteins 
such as Sox2  and Klf2  at C-terminus.[214–216] In this regard, it 
was demonstrated that fused TAT proteins with five reprogram-
ming factors could reprogram fibroblast cells into iPSC-like 
colonies with characteristics of pluripotent stem cells. Based 
on these results, fused TAT-reprogramming factors showed 
higher transcriptional activity than fused 11R-reprogramming 
factors and lower activity than retroviral transduced reprogram-
ming factors.[217] CPP-based vectors can also be a good option 
for direct reprogramming. For instance, adipose-derived stem 
cells were transdifferentiated to corneal endothelia-like cells 
by fused recombinant TAT-Oct4/Klf4/Sox2  and small mole-
cules.[218] Besides conventional CPP (e.g., polyarginine and HIV 
TAT)-based nanocarriers, some other CPPs have been intro-
duced, which can be promising candidates for cell reprogram-
ming. As an illustration, it is reported that Position-dependent 
C-end rule (CendR) cell- and tissue-penetrating peptides could 
deliver Sox2 into retinal pigmented epithelial cells and directly 
reprogram it to the functional neurons.[219] Recently, a report 
has shown that using 30Kc19α as a CPP-based nanocarrier for 
entering Runt-related transcription factor 2 into human mesen-
chymal stem cells resulted in differentiation to osteoprogenitor 
cells in vitro and in vivo.[220] Although CPP-based nanocarriers 
have been widely applied for reprogramming purposes, there 
are some drawbacks such as poor endosomal escape, poor 
stability, and low reprogramming efficiency.[212] Studies have 

attempted to circumvent these issues using a combination of 
CPPs and viral particles.[217,221] The advantages and limitations 
around using organic nanomaterials in cell reprogramming are 
summarized in Table 2.

4.4.2. Inorganic Nanocarriers

Inorganic nanocarriers, can be engineered with different sizes, 
shapes, and porosities to entrap and protect their cargos from 
degradation and deliver them into the cells.[106,230–232] These 
nonviral nanocarriers can deliver a vast range of drugs and 
genes due to their variety and multiple functionalities.[102] Some 
of the most applicable inorganic vectors in cell reprogramming 
can be categorized into ceramic and metal-based nanocarriers.

Ceramic-Based Nanocarriers: The most widely studied ceramic-
based nanocarriers are calcium phosphates (CaPs), silica-based 
NPs, titania nanotubes, and carbon-based NPs. The very first 
inorganic particles used in gene delivery were CaPs used to 
transfect mammalian cells with DNA-CaPs precipitate.[233] In 
delivering DNA, or any genetic molecule into cells by CaPs, 
the molecules are adsorbed on the surface of the CaPs by elec-
trostatic interaction, and are then delivered into cells via endo-
cytosis.[234] CaPs can be a good candidate for reprogramming 
factors delivery systems due to their special biodegradability 
and biocompatibility. The existence of calcium in their struc-
ture makes them more absorbable with high binding affinity, 
which is also advantageous in endocytosis.[106] In one such 
example, human umbilical cord mesenchymal stem cells were 
transfected with OSKM plasmid-encapsulated CaPs NPs to gen-
erate iPSCs.[235] The results showed a reprogramming efficiency 
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Table 2. Advantages and limitations of using organic nanomaterials as chemical vectors in cell reprogramming.

Category Sub-category Advantages Limitations Citation

Lipid-based Liposomal • Delivering a vast range of reprogramming factors with 
controlling the location and timing of drug delivery

• Not oncogenic
• Easy to produce

• Low efficiency
• Cytotoxicity
• Stimulation of immune responses

[102,175,222]

Non-liposomal
(solid lipid nanoparticles)

Non-liposomal
(FuGENE)

• High storage stability
• Easy large scale production
• Biocompatibility and biodegradability
• High transfection efficiency
• Transfection under serum conditions

• Burst release
• Drug expulsion during storage
• High cytotoxicity
• Low cell numbers
• Long transfection times

[223,224]
[180,225–227]

Polymer-based Natural • Potential of functionalization and modifying their physi-
cochemical properties

• Biocompatibility

• Low specificity
• Low transfection efficiency

[192,228]

Cationic Synthetic 
polymers

• Potential of functionalization
• Chemical variety
• The capability of delivering a vast range of reprogram-

ming factors

• Cytotoxicity in high molecular weight [102,131]

Dendrimer • Possibility of functionalization for targeted delivery
• High loading efficiency

• Cytotoxicity
• Difficulty to deliver hydrophilic 

materials
• High cost of its production

[102,229]

Peptide-based – • Biocompatibility • Poor endosomal escape
• Poor stability
• Low reprogramming efficiency

[211,212,218]
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of 0.049%, with pluripotency validated by the capacity of the 
resultant cells to form teratomas when injected into immuno-
compromised mice.[235] While the formation of teratomas is 
an indicator of successful reprogramming into iPSCs, which 
highlights the importance of inorganic NPs such as CaPs as 
safe and efficient chemical vectors for reprogramming fac-
tors delivery, more modifications are needed to achieve greater 
reprogramming efficiency.

Silica-based nanocarriers come with the benefit of ease of 
functionalization, which makes them well-suited as reprogram-
ming factor delivery systems.[106] Mesoporous silica NPs are 
approved by the FDA, and are more applicable in the field of 
drug and gene delivery because of their large surface area, flex-
ible surface properties, high capability of functionalization, tai-
lored mesoporous structure, and good biocompatibility/biodeg-
radability.[236,237] For instance, positively  charged mesoporous 
silica NPs are capable of transferring 3β (HNF3β) plasmids 
into iPSCs without any cytotoxicity, resulted in rapid differen-
tiation into hepatocyte-like cells.[238]

Similarly, titania nanotubes are another ceramic-based 
nanocarriers, which are potentially useful for the delivery of 
reprogramming factors due to their low cost and easy fabrica-
tion, controllable structure, as well as biocompatibility.[239] To 
this end, OSKM together with NANOG have been conjugated 
with the surface of the titania nanotubes to transfect differenti-
ated mouse neural cells.[240] After 3  weeks of transfection, the 
somatic cells converted to embryonic-like cells that expressed 
Oct4  proteins demonstrating a lack of toxicity and support of 
cellular proliferation.

Moreover, carbon-based nanocarriers have also been exten-
sively researched in the field of cell reprogramming, including 
graphene oxide NPs and carbon nanodots. Similar to other 
nanocarriers, the advantages of graphene oxide NPs include 
ease of fabrication, good biocompatibility, high functionaliza-
tion capability, good dispersion in water, and colloidal stability, 
and they have attracted attention as potential gene and drug 
delivery systems.[241,242] However, the negative surface charge of 
bare graphene oxide NPs restricts their application in delivering 
genetic molecules into the cells. Therefore, they are mostly 
used in a modified form by positive molecules.[243] The other 
carbon-based nanocarriers, carbon nanodots, are also biocom-
patible with fluorescence properties and uniform distribution. 
However, carbon nanodots have the same issue as graphene 
oxide NPs regarding their surface charge, thus they need to 
be modified with positive molecules (often cationic polymers) 
before reprogramming factor conjugation.[244]

Metal-Based Nanocarriers: The most common metal-based nano-
carriers utilized to date as vectors are gold NPs. They have 
advantageous features, being chemically inert, easy to manu-
facture, with a high surface area,[102] and the ability to absorb 
light in the near-infrared (NIR) region (such a stimulus can 
enhance deep tissue penetration, which makes in vivo release 
control possible).[245,246] These nanocarriers have almost the 
same transfection efficiency as lipoplex (cationic liposome-
based nano carriers complex with a genetic molecule such as 
DNA[247]) but showed lower toxicity. However, using gold NPs 
as chemical vectors can disrupt cell growth because of NPs 
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Table 3. Advantages and limitations of using inorganic nanomaterials as chemical vectors in cell reprogramming.

Category Subcategory Advantages Limitations Citation

Ceramic-based CaPs-based nanocarriers • Biodegradability
• Biocompatibility
• High binding affinity

• The aggregation propensity
• Difficulty in size control

[106,250]

Silica-based nanocarriers  
(especially MSNPs)

• Ease of functionalization
• Their large surface area
• Flexible surface properties
• High capability of functionalization
• Tailored mesoporous structure
• Good biocompatibility/biodegradability

• Interacting with phospholipid on the sur-
face of red blood cells and cause hemolysis 
in case of in vivo administration

[106,236,237,251]

Titania nanotubes • Low cost
• Good biocompatibility

• Difficulty regarding fabrication, that is, low 
yield and difficultly in controlling the final 
structure of nanotubes

• Difficulty of functionalization
• Induction of oxidative stress because of 

reactive oxygen species (ROS) production

[239,252,253]

Carbon-based nanocarriers • Facile fabrication
• Good biocompatibility
• High functionalization capability
• Good dispersion in water
• Colloidal stability

• Negative surface charge
• Induction of oxidative stress because of 

reactive oxygen species (ROS) production

[243,254]

Metal-based Gold-based nanocarriers • Inert nature
• Ease of manufacturing
• Numerous surface characteristics
• The ability of light absorption in the near 

infrared region, low toxicity

• Negative surface charge [102,245,248,249]
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Figure 7. Hybrid nanocarriers as nonviral chemical vectors in cell reprogramming. A) Modified mesoporous silica NPs with PEI, which can enhance 
direct reprogramming of mouse fibroblasts into hepatocyte cells through delivering hepatic TFs. Reproduced with permission.[255] Copyright 2020, 
Elsevier. B) The avidin-biotin-conjugated mesoporous silica NPs promote the direct conversion of mouse fibroblasts into functional dopaminergic 
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accumulation in the cells as a result of their high chemical 
stability.[106] Due to the negative surface charge of gold NPs, in 
most cases, they have been used in combination with physical 
methods or modified with other organic molecules to improve 
their transfection efficiency.[248,249] In this regard, cationic gold 
NPs are more favorable in gene delivery since they can interact 
with negatively charged nucleic acids of genes as well as plasma 
membrane electrostatically.[245,249] The advantages and limita-
tions of applying inorganic nanomaterials are presented in 
Table 3.

4.4.3. Hybrid Nanocarriers

Considering some of the shortcomings of organic and inor-
ganic nanocarriers in delivering reprogramming factors 
into the cells, such as toxicity of high molecular weight poly-
mers[189] or negative surface charge of some inorganic-based 
nanocarriers,[244] hybrid nanocarriers have emerged as alterna-
tive nanocarriers. In hybrid nanocarriers, inorganic NPs are 
modified with organic ligands[105] to enhance their loading 
capacity,[255] transfection efficiency,[256] and endosomal escape 
ability.[257]

Accordingly, hybridized structures of CaPs NPs with cati-
onized P. eryngii polysaccharide were employed to transfect 
human umbilical cord mesenchymal stem cells with a plasmid 
mixture (OSKM). The results indicated that reprogramming 
efficiency by hybrid nanocarriers was 1.6-fold higher than that 
by bare CaP NPs. Moreover, hybrid nanocarriers internalize 
plasmids in multiple ways, which in turn increase their repro-
graming efficiency.[258] Furthermore, they were applied into a 
3D collagen hydrogel to produce 3D cell spheres with tightly 
packed cloned expressed iPSC markers.[259]

Concerning reports of potential toxicity (linked to high 
molecular weight) of branched PEI limit their application as 
nanocarriers. However, using these types of cationic polymers 
as surface modifiers, in which the high molecular weight is 
not problematic, can boost loading capacity by making the sur-
face charge of nanocarriers positive, which in turn enhances 
reprogramming efficiency.[189] For instance, PEI-modified 
silica NPs could effectively transfer recombinant proteins of 
TFs to achieve direct reprograming of mouse embryonic 
fibroblasts to hepatocyte-like cells with liver-specific functions 
(Figure 7A).[255] Another report about silica-based hybrid nano-
carriers demonstrated that avidin-capped mesoporous silica 
NPs could transduce three plasmids (including Ascl1, Brn2, 
and Myt1l) into mouse fibroblast to transdifferentiate it to 

functional dopaminergic neurons Figure  7B.[260] These prom-
ising results showed that with some simple modifications, non-
toxic vectors with high transcription efficiency can be generated 
that can pave the way for the future of direct reprogramming, 
especially in the context of regeneration therapies.

Besides overcoming the toxic effects of some organic mate-
rials such as PEI, the surface properties of some inorganic 
materials are not appropriate for cellular delivery. In this 
regard, carbon-based NPs are commonly modified with PEI 
to generate a positive surface charge. For example, PEI-gra-
phene oxide complexes successfully generate iPSCs by trans-
ferring mRNA encoding OSKM proteins into adipose-derived 
fibroblast cells with dynamic suspension, which showed 
higher transfection efficiency than repetitive daily transfection 
(Figure 7C).[261] This type of nanocarriers (EPI-graphene oxide 
complex) was also used as a safe, nonintegrating, and efficient 
delivery system for mRNA to reprogram fibroblasts into neu-
rons with low cytotoxicity.[262] Modified carbon nanodots with 
citric acid and PEI as nonviral delivery systems for Sox2  can 
also effectively generate neuron-like cells from fibroblasts 
(Figure 7E).[263]

As mentioned above, cationic gold NPs exhibit superior 
transfection efficacy compared to bare gold NPs.[245,249] A 
report strengthened this claim by modifying gold NPs with a 
cationic polymer (PEI) as a nonviral delivery system for car-
diac reprogramming (Figure  7D). In this study, modified PEI-
gold NPs efficiently transdifferentiated human and mouse 
fibroblasts into functional cardiomyocytes without any toxicity. 
This delivery system was not only efficient in vitro but also its 
injection in the heart after myocardial infarction (MI) caused 
recovery of cardiac function and reduced scar area.[249] Subse-
quently, gold NPs were used in combination with electromag-
netic fields (EMF) and modified with PEG and RGD to enhance 
their biocompatibility and cell integrin-binding, as well as with 
two thiol ligands to induce magnetic polarization. Utilizing 
these modified NPs in combination with EMFs was reported to 
result in direct reprogramming of mouse fibroblasts to dopa-
minergic neurons in vitro and in vivo.[248]

Some NPs can also be categorized as hybrid nanocarriers 
based on their structure. For example, magnetic NPs are one 
of these structures as they are composed of a magnetic core, 
often metal-based NPs such as iron, nickel, and cobalt, as well 
as a shell, which can be a polymer, ceramic, or metal.[264] As 
an illustration, magnetic NPs made of biodegradable iron and 
PEI (Figure 7F) have been used as nonviral delivery system that 
generated iPSCs from somatic cells, with a reprogramming effi-
ciency thrice higher than other approaches.[265] In using magnetic 
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neurons by delivering Ascl1, Brn2, and Myt1l plasmids. Reproduced with permission.[260] Copyright 2018, Springer Nature. C) Using modified graphene 
oxide NPs by PEI, could protect OSKM RNAs and deliver them into the somatic cells to generate iPSCs. Reproduced with permission.[261] Copyright 
2016, Elsevier. D) Gold NPs were mixed with DNA and PEI to be used as nonviral vectors for transferring Gata4, Mef2c, and Tbx5 into infarcted heart 
cells and cause in vivo reprogramming of cardiomyocytes. Reproduced with permission.[249] Copyright 2021, Elsevier. E) Polymer-coated CNDs could 
mediate Sox-2 plasmids and reprogram human fibroblasts to neuron-like cells in three phases, where somatic cells are first reprogrammed into neural 
stem cells-like intermediate and then differentiated to neuron-like cells. Reproduced with permission.[263] Copyright 2021, Elsevier. F) RFs were mixed 
with magnetic NPs and resulted in indirect reprogramming of mouse embryonic fibroblasts through magnet-based nanofection. Reproduced with 
permission.[265] Copyright 2011, Elsevier. G) Both graphene oxide NPs and magnetic NPs modified with PEI as nonviral vectors in combination with a 
physical nonviral approach (NIR laser stimulation) were used for iPSCs reprogramming. Reproduced with permission.[257] Copyright 2017, John Wiley 
and Sons. And H) using magnetic peptide-imprinted chitosan NPs to transfer dCas9-VPR:gRNAs ribonucleoproteins into somatic cells to activate 
OSKM expression. Reproduced with permission.[157] Copyright 2021, Elsevier.
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Table 4. Details of results of the studies on the application of different kinds of nanocarriers as chemical vectors in cell reprogramming.

Type of 
nanocarriers

Category Material Reprogramming 
factors

Mechanism Cells Reprogramming 
efficiency

Aims Year Citation

Organic Lipid-based 
nanocarriers

Lipofectamine 
RNAiMAX Transfec-

tion Reagent

Synthetic messenger 
RNAs (mRNAs)

Indirect Fibroblasts to iPSCs More than 2% iPSCs 
generation

2010 [109]

DharmaFECT1 A combination of 
miRNAs 1, 133, 208, 

and 499

Direct Cardiac fibroblasts to 
cardiomyocyte

– Cardiac 
regenerative 

medicine

2012 [169]

DOPC/MDOPE/
Tween-80/DiO lipid

miR-21 Direct Wound site macro-
phages to fibroblast-

like cells

– Impaired 
conversion 
in diabetic 

wound tissue

2018 [177]

Cationic 
bolaamphiphiles

Nanog, Sox2, Klf4, 
and Nr5a2 proteins

Indirect Fibroblast cells to 
iPSCs

0.05% iPSCs 
generation

2013 [178]

Cationic octadecy-
lamine-based lipid 

nanoparticle

Oct4, Klf4, Sox2 Indirect Fibroblast cells to 
iPSCs

(72% transfec-
tion efficiency)

iPSCs 
generation

2019 [171]

Cationic stearamide-
based solid lipid 

nanoparticle

Plasmid DNA 
(pDNA) encoding
Oct3/4, Sox2, Klf4, 

and GFP

Indirect Fibroblast cells to 
iPSCs

(70% transfec-
tion efficiency)

iPSCs 
generation

2020 [172]

Polymer-
based 

nanocarriers

Cationized Pleurotus 
eryngii polysaccharide

Plasmid mixture 
(encoding 
Oct4, Sox2, 

miR302-367 codes)

Indirect Human umbilical 
cord mesenchyme 
stem cells to iPSCs

0.044% Enhancing the 
safety and effi-
ciency of iPSCs 

production

2015 [193]

Chitosan NPs Recombinant Oct4 Indirect Human fibroblast to 
transgene-free iPSCs

– Transgene-
free iPSCs 
generation

2016 [194]

Porphyra yezoensis 
polysaccharide

Cocktail of plasmids 
(encoding Ascl1, 
Brn4, and Tcf3)

Direct Mouse fibroblast to 
neural cells

about 80% Treatment of 
nerve injury

2017 [195]

Polyurethane-short 
branch PEI

Oct4/SirT1 – Retinal pigment 
epithelium cells into 
progenitor-like cells

– Improving 
age-related 
muscular 

degeneration 
and retinal 

pigment epi-
thelium cells

2011 [197]

Poly(β-amino 
ester),(PBAE)

A single CAG-driven 
polycistronic plasmid 

(encoding Oct4, 
Sox2, Klf4, c-Myc), 
and a GFP reporter 

gene

Indirect Human Fibroblast 
cells to the bona fide 

iPSCs

(10% transfec-
tion efficiency)

iPSCs 
generation

2011 [201]

PBAE NPs Plasmid with lucif-
erase gene controlled 
by cytomegalovirus 

promoter (CMV-Luc) 
and enhanced green 
fluorescent protein 
plasmid (EGFP-N1, 

4.7 kb),

Indirect Human primary 
fibroblasts and 

dermal fibroblasts 
derived from a 

patient with retinitis 
pigmentosa to iPSCs

30 ± 4% HiPSCs 
generation

2013 [202]

PBAE NPs Sox2 and 
Olig2 protein

Direct Primary human 
astrocytes into 
neurons and 

oligodendrocytes

(55.9 ± 2.7%, 
transfection 
efficiency)

Treatment 
of central 
nervous 

system (CNS) 
diseases and 

injuries

2016 [203]
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Type of 
nanocarriers

Category Material Reprogramming 
factors

Mechanism Cells Reprogramming 
efficiency

Aims Year Citation

Arginine-termi-
nated generation 

4 polyamidoamine

A single plasmid 
encoding OSKM  
factors (pOSKM)

Indirect Embryonic fibro-
blasts to iPSCs

up to 0.0035% iPSCs 
generation

2014 [207]

Peptide-
based nano-

carriers

11R protein Oct4, Sox2, Klf4, and 
c-Myc proteins

Indirect Mouse embryonic 
fibroblasts to iPSCs

– iPSCs 
generation

2009 [111]

11R protein Oct4, Sox2, Klf4, and 
c-Myc

Indirect Human fibroblasts 
to iPSCs

About 0.001% iPSCs 
generation

2009 [213]

TAT protein (Oct4) and (Sox2) Indirect Somatic cells to 
iPSCs

( About 60%) 
and (-)

iPSCs 
generation

(2010) 
and 

(2012)

[214,216]

HIV TAT protein Mouse Klf4 proteins Indirect Murine fibroblasts 
to iPSCs

– iPSCs 
generation

2010 [215]

11R and TAT protein Oct4, Sox2, Klf4, 
c-Myc, and NANOG 

proteins

Indirect Foreskin fibroblast 
cells to iPSCs

About 0.015% iPSCs 
generation

2011 [217]

Recombinant TAT 
protein

Oct4/Klf4/Sox2 and 
small molecule

Direct Adipose-derived 
stem cells to corneal 

endothelia-like  
cells

– Generation of 
corneal endo-

thelial cells

2014 [218]

C-end rule CendR 
(RPARPAR

Sox2 protein Direct Pigmented epithelial 
cells to functional 

neurons

0.3% Generation 
of functional 

neurons

2014 [219]

30Kc19α Runt-related tran-
scription factor 2 

(RUNX2)

Direct Human mesen-
chyme stem cells to 

the osteogenic  
cells

– Bone tissue 
engineering

2020 [220]

Inorganic Ceramic-
based 

nanocarriers

CaPs NPs Four plasmids 
encoding Oct4, Sox2, 

Klf4, and c-Myc 
proteins

Indirect Human umbilical 
cord mesenchyme 
stem cells to iPSCs

0.049%. iPSCs 
generation

2013 [235]

FTIC-conjugated 
MSNPs

3β (HNF3β) 
plasmids

– iPSCs to hepatocyte-
like cells

– Treatment of 
liver diseases

2013 [238]

Titania nanotubes Oct4, Sox2, Klf4, 
c-Myc, and NANOG

Indirect Differentiated mouse 
neural cells to 

embryonic-like cells

– IPSCs 
generation

2013 [240]

Hybrid Ceramic-
based NPS

Cationized P. eryngii 
polysaccharide 

hybridized with CaPs

Plasmid mixture 
(Oct4, Sox2, Klf4, 

c-Myc)

Indirect Human umbilical 
cord mesenchyme 

SCs to iPSCs

0.128% 
(1.6 times higher 
than reprogram-
ming by cation-
ized P. eryngii 

polysaccharide)

Enhancing the 
safety and effi-
ciency of iPSCs 

production

2016 [258]

PEI-modified silica 
NPs

Recombinant Hnf4a 
or Foxa3 proteins

Direct Mouse embryonic 
fibroblasts to 

hepatocyte-like cells

– Liver 
regeneration

2020 [255]

Avidin-caped meso-
porous silica NPs

Plasmids encoding 
Ascl1, Brn2, and 

Myt1l

Direct Mouse fibroblasts to 
functional dopami-

nergic neurons

81% of MFs 
were directly 

converted into 
neural pro-

genitor cells.

Regenerative 
therapies for 

neurode-
generative 
disorders,
including 

Parkinson’s 
disease

2018 [260]

Modified graphene 
oxide NPs with PEI

mRNA encoding 
OSKM

Indirect Adipose-derived 
fibroblasts to iPSCs

0.12% iPSCs 
generation

2016 [261]

Table 4. Continued.
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NPs, as a magnetic field is needed to apply to the system both 
nonviral physical and chemical approaches are employed. Fur-
thermore, other types of physical methods have been employed 
with magnetic NPs to improve reprogramming efficiency even 
further. For example, as shown in Figure  7G in combination 
with magnetic NPs (graphene oxide-Fe3O4-PEI), NIR-laser irra-
diation was applied to the cells simultaneously to boost both 
transfection efficiency through increasing the interaction of NPs 
with the cells, and also the cells permeability by magnetic tar-
geting and photothermal stimulation, respectively.[257] Moreover, 
this type of NP can also deliver CRISPR/Cas9, a now commonly 
used gene-editing tool. For example, magnetic NPs transferred 
CRISPR/Cas9  with three transcription activators namely VPR 
(Rta-VP64-p65) to activate OSKM genes into human embryonic 
kidney 293T cells (Figure  7H), which resulted in generation of 
iPSCs-like cells.[157] Outcomes of studies on application of var-
ious types of nanocarriers as chemical vectors in cell reprogram-
ming can be seen in details in Table 4.

5. Conclusion and Future Trends

There is significant clinical benefit in creating efficient and 
safe cellular reprogramming to support the next generation 
of ex vivo advanced therapies. Cellular reprogramming tech-
nology is well advanced in research setting and has already 
led to improved disease modeling, cellular transplantation, 
autologous cell therapy, and drug and toxicity screening. How-
ever, although achieving efficient cellular reprogramming has 
spawned many viral and nonviral delivery routes, routine adop-
tion of cellular reprogramming remains limited by the avail-
able technology. The key challenges that must be addressed 
to improve efficacy include efficiency, safety, targeting, and 
programmed delivery. As we have discussed in this review, 
cutting-edge developments in material science will be a vital 
contributor to overcoming the many challenges that remain to 
allow cell reprogramming to fulfill its enormous potential and 
be deployed clinically.

Adv. Mater. 2022, 34, 2108757

Type of 
nanocarriers

Category Material Reprogramming 
factors

Mechanism Cells Reprogramming 
efficiency

Aims Year Citation

Modified graphene 
oxide NPs with PEI

mRNA encoding 
Ascl1, Brn2, and 

Mytl1

Direct Fibroblasts to 
neurons

About 8% Therapies for 
neurodegener-
ative diseases.

2016 [262]

Modified carbon 
nanodots with citric 

acid and PEI

Sox2 protein Direct Human  
fibroblasts to 

neuron-like cells

Up to 40.8%, Therapies for 
neurodegener-
ative diseases.

2020 [263]

Metal-based 
NPs

Modified gold 
NPs with PEG, 
RGD, mercapto 

(mesenchymal-to-
epithelial transition 
hoxypolyethylene

glycol) (mPEG350-
SH), and a heptapep-

tide, CYGRGDS

Ascl1, Pitx3, Lmx1a, 
and Nurr1 proteins

Direct Mouse fibroblasts 
to dopaminergic 

neurons

– Parkinson’s 
disease 
therapy

2017 [248]

PEI-gold NPs Gata4, Mef2c, and 
Tbx5 proteins

Direct Mouse and human 
fibroblasts to func-

tional  
induced 

cardiomyocytes

– Heart regen-
eration in car-
diac disease 

patients

2018 [249]

Magnetic NPs 
(Fe3O4-PEI)

Plasmids of OCT3/4, 
Sox2, Klf4, and c-Myc

Indirect Mouse embryonic 
fibroblasts  
to iPSCs

0.001–0.003% iPSCs 
generation

2011 [265]

Magnetic NPs 
(graphene 

oxide-Fe3O4-PEI)

Episomal  
plasmids 

(pCXLEhOCT3/
4-shp53, pCXLE-hSK, 

and pCXLE-hUL)

Indirect Peripheral blood 
mononuclear cells to 

partially iPSCs

– iPSCs 
generation

2017 [257]

Magnetic NPs 
(Fe3O4-Peptide-

imprinted chitosan)

dCas9-VPR 
(dCas9 with a gene 

activator, VP64-
p65-Rta (VPR)) 

and various gRNA 
for OSKM genes 

activation

– Human  
embryonic kidney 
293T cells to any 
desired cell type 

based on the  
activated gene

75.4 ± 5.3%, Cellular cock-
tail therapies

2020 [157]

Table 4. Continued.
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The informed engineering of nanomaterials can help to 
overcome many of these shortcomings since they contain func-
tional modalities that can facilitate the programed and targeted 
delivery of therapeutic products. In a dynamic, living system, 
it is clear that stimuli-responsive vehicles represent the future 
tools for the controlled delivery of transcriptional factors. This 
could be achieved using a variety of currently available triggers 
such as light, X-rays, temperature, electric\magnetic fields, 
and molecules. Ultimately, the pace of advances in engineered 
nanomaterials—coupled with increasing commercial demands 
to develop these cellular technologies—offers the potential to 
effectively address these limitations.

Nonetheless, achieving these goals still requires researchers 
and clinicians in the field to address four critical challenges. 
First, for current technologies to move from bench to future 
clinical applications, it is vital that next-gen reprogramming 
technologies be suitable for scalable manufacturing under 
GMP-compliant conditions, and large-scale production with 
high standards of quality control, all in a cost-effective manner.

Second, cellular reprogramming is staggeringly complex; it is 
not a simple switch, but rather a series of cascading effects. This 
can be considered as three sources of variability: the method 
of cellular derivation, epigenetic changes to pluripotency by 
the ectopic expression of the TFs, and the inevitable genomic 
abnormalities introduced during cell division. The key will be 
to understand how this variability can be minimized using 
designed nanomaterials. For example, the quantitatively con-
trolled codelivery of multiple reprogramming factors is essential 
if we are to improve reprogramming efficiency. In this regard, 
the richness of function arising from designed multiscale mate-
rials will be a critical tool to improve efficacy via targeted code-
livery of multiple factors into a tissue environment that has been 
conditioned by the material to be optimal for reprogramming.

Third, for reprogramming to be accepted as a therapeutic 
approach, patient safety will be critical. For example, current 
cell reprogramming technologies carry the risk of mutagen-
esis and tumorigenesis, unstable differentiation, and limited 
conversion efficiency. All of these arise from the variable inter-
mediate states of the iPSCs, which allow multiple uncontrolled 
“sliding doors” alternative outcomes, depending on the local-
ized environment during the transformation from somatic cells 
to iPSCs. To some extent, this has been overcome by direct 
reprogramming, which can be achieved by overexpression of 
defined TFs, microRNA, and chemical compounds on a cell-
by-cell basis. Circumventing these numerous cell-division and 
pluripotent steps has significantly increased safety by elimi-
nating the highly variable outcomes. But how this is effectively 
translated to an in vivo setting remains unclear, since within a 
particular organ multiple cell types work in tandem, either as 
primary functional units or in a supporting role. So a blanket 
conversion of the entire population of cells in a particular tissue 
or organ would not be desirable.

Fourth, to develop the next generation of delivery vectors, we 
need to further explore hybrid, multiscale nanocarriers. Such 
nanocarriers could use both organic and inorganic components 
to harness the advantages of each system (e.g., the positive sur-
face charge of organic nanocarriers and the biocompatibility 
of inorganic nanocarriers) while minimizing their drawbacks 
(e.g., immunogenicity, cytotoxicity, and degradation).

Considering the growing potential of cell reprogramming 
in regenerative medicine—particularly in tissue engineering—
we expect that using (implantable) microfluidic devices, gene-
editing, single-cell monitoring, and stimuli-responsive carriers 
in novel ways will realize the therapeutic promise of cell repro-
gramming. The informed engineering of functional materials 
will be a vital approach in achieving this.
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