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Abstract

Cell reprogramming of somatic cells into pluripotent states and subsequent differentiation into
certain phenotypes has helped progress regenerative medicine research and other medical
applications. Recent research has used viral vectors to induce this reprogramming; however,
limitations include low efficiency and safety concerns. In this review, we discuss how biomaterial
methods offer potential avenues for either increasing viability and downstream applicability of
viral methods, or providing a safer alternative. The use of non-viral delivery systems, such as
electroporation, micro/nanoparticles, nucleic acids and the modulation of culture substrate
topography and stiffness have generated valuable insights regarding cell reprogramming.
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Improving cell reprogramming methods is vital to regenerative medicine efforts. This review
discusses advances in reprogramming using biomaterial approaches.
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1. Introduction

Both embryonic (ESC) and induced pluripotent stem cells (iPSC) act as templates for
differentiation into desired cell phenotypes and ultimately engineered tissues [1, 2]. This is
beneficial for regenerative medicine because it advances the possible medical interventions
used to repair or replace damaged tissue [3]. This is limited, however, by lack of patient
specificity and ethical concerns of ESCs [1]. Thus, more emphasis on iPSC usage has been
conducted in recent years as they counteract the limitations of ESCs through patient
specificity and cell proliferative properties from somatic cells. Using cell reprogramming
with defined transcription factors to change somatic cells to iPSCs for repeated tissue
development is vital to expand regenerative medicine [4]. Increasing the efficiency of cell
reprogramming and subsequent differentiation into particular cell phenotypes benefit cell
therapy and disease modeling research by providing easier to construct tissues that mitigate
any ethical concerns [5].

Biomaterials are another technology used in regenerative medicine that has gained attention
in recent years. Advancements in material sciences have characterized a plethora of
substances for their bulk and surface properties and determined their biocompatibility [6].
Naturally, research has begun to combine the benefits of biomaterial methods with stem cell
developments for more efficient and viable human cell and tissue engineering [7]. As more
materials compatible with stem cells are discovered, characterizing properties such as
charge, surface features, and potential for cell adhesion, apoptosis, or tissue necrosis have
been elucidated to determine how these biomaterials can be used as scaffolds for tissue
engineering [8, 9]. Biomaterials can affect the efficiency of cell reprogramming and
differentiation by providing both genetic and epigenetic influences to cells as either a niche
or delivery mechanism.

In this review, we will briefly discuss the current state of cell reprogramming and
differentiation practices, their limitations, and how various biomaterial methods are a
potential avenue to improve the impact of this technology. This includes harnessing the
effects of biochemical and biophysical cues critical for cell development, the use of methods
that do not rely on viral vectors while increasing cell phenotype specificity, and engineering
culture substrates to benefit cell reprogramming and differentiation.

2. Cell reprogramming

With the landmark study on establishing pluripotency in somatic cells from Yamanaka and
Takahashi [10], cell reprogramming has developed into an innovative area of biomedical
research. This phenomenon of actively converting one cell type to another is particularly
effective with stem cells, which are proliferative and have the capacity to be easily modified.
Stem cells in the adult human body can regenerate the specific tissues from which they
originate, yet they lack the pluripotency that immature stem cells have [11]. Human iPSCs
(hiPSCs) can be studied for genetic defects and stability, be directly differentiated into
specific tissues, and be used for disease modeling or potential implantation into patients. The
supply of iPSCs is less scarce than ESCs and provides less risk of immune rejection since
these cells can be patient specific [5]. Induced pluripotent stem cells can be developed by
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introducing transcription factors to somatic cells like skin fibroblasts for research studies and
blood or adipose cells for possible clinical usage [4, 12]. These factors include Oct4, Sox2,
Myc, and KIf4 [10]. Other factors and small molecules display pluripotency promotion in
somatic cells as a more controlled replacement [13, 14, 15]. The knowledge of mechanisms
to pluripotency was limited until one group sought to map the genomic characterization of
fibroblasts to pluripotency. This study indicated the specific gene expressions and epigenetic
signatures that lead to reprogramming to an iPSC state. This data outlines a molecular
description of the reprogramming routes and is now publicly accessible [16]. Their findings
suggest that mouse embryonic fibroblasts (MEFs) follow two different paths to pluripotency
dependent on histone loss and reacquisition, transgene dependency, and trimethylation
within the genome. By mapping the genomic pathways of cells, cell reprogramming can
become more controlled. While our understanding of cell pathways grows, more emphasis is
made on reprogramming methods.

Cell reprogramming is predominantly achieved via viral infection. Retroviruses, lentiviruses,
and non-integrating viruses induce pluripotency by the introduction of genes that drive the
adoption of a pluripotent state [17]. Direct reprogramming or transdifferentiation to specific
cell types has also been reported using viral induction. Inserting reprogramming factors into
fibroblasts to bypass pluripotency and transdifferentiate to specific cell phenotypes is
currently inefficient but has the potential to optimize controlled cell development [18].
Examples of this method have focused on cardiomyocyte development from fibroblasts by
expression of particular transcription factors during viral induction [19, 20, 21]. The variety
of different factors and exposure to environments not conducive to iPSC production in these
studies provide a plethora of methods specific to cell phenotypes needed for reprogramming.
The current issues with these methods are long term functionality of reprogrammed cells,
overcoming reprogramming inefficiency using transcription factors /n vitro, and translation
to /n vivo conditions within humans.

Viral delivery systems are not ideal as there are implant safety concerns with tumor
development, despite increased efficiency in pluripotency [17]. Mitigating oncogenic cell
behavior through other induction methods, while improving proliferative and
reprogramming efficiency, has been a focus of current stem cell research [11]. Replacing
viruses with alternative extracellular chemicals or delivery systems provides another
alternative to reduce tumor formation [17]. Factors in the microenvironment have been
studied that promote forms of stemness, such as low attachment substrates that form 3D
spheres [22]. Observations of stem cells have concluded that they will aggregate into
spherical clusters and thus developing substrates that promote this behavior in somatic cells
can increase cell reprogramming effectiveness. These types of studies guide the focus on
creating microenvironments that promote specific cell proliferation during reprogramming
through cell signaling and biophysical properties.

Techniques using matrix manipulation and novel delivery systems can improve cell
reprogramming and more accurately model /n7 vivo conditions to better elucidate
mechanisms by which cell programming occurs (Figure 1). By using biomaterials in
conjunction with stem or somatic cells, more control over cell reprogramming and
differentiation can be attained. Using known biophysical and biochemical cues to create
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synthetic systems that replicate the optimal conditions needed for reprogramming will help
to alleviate the lack of efficiency in cell specific growth and maturation (Figure 2).
Developing systems that do not require viral induction will mitigate the mutation risk with
injecting foreign genetic material into cells. Examples include electroporation, micro- or
nanoparticles, and nucleic acid complexation. To manipulate microenvironments, factors like
topography, substrate stiffness, and stretching have been used to study their effects on cell
proliferation and differentiation. These methods seek to either improve current viral methods
or to mitigate risk by using non-viral systems with the possibility of increasing
reprogramming efficiency (Table 1).

3. Non-viral methods for reprogramming to pluripotency and differentiation

Over the last decade, viral reprogramming approaches have shown a potential for inducing
pluripotency from somatic cells [23, 24, 25, 26]. However, viral methods for cell
reprogramming have inherent drawbacks including genomic integration and insertional
mutagenesis. Moreover, as previously mentioned, tumor development is another major
concern for viral reprogramming approaches due to unintended oncogene activation. To
overcome these limitations, non-viral methods have greatly attracted the attention of many
researchers in the field of cell reprogramming [27, 28]. Non-viral methods include
electroporation of cell membranes, delivering genes or proteins in nano-particulated form
and complexation of genes with lipid or cationic polymers (Figure 3). In this section, recent
advances in each non-viral approach for cell reprogramming and differentiation are
discussed along with the advantages and disadvantages of each strategy.

3.1. Electroporation and nucleofection

In order to avoid rapid clearance and degradation in the extracellular environment when
introducing naked nucleic acids for expressing reprogramming factors, electroporation has
been adapted to deliver nucleic acids directly to the cytoplasm. Due to the highly charged
nature of nucleic acids, it is physically impossible for them to penetrate the hydrophobic
core of cell membranes. For the electroporation of foreign genes to the cells, an electrostatic
field is applied to the cells in suspension. This causes the lipid molecules comprising the
membrane to shift their position and create pores, thus resulting in an increased permeability
of the cell membrane [29]. This allows foreign substances to enter the membrane,
independent of their charge. It has been shown that electroporation works both /n vitro and
in vivo, and works for hard-to-transfect cells as well.

Electroporation was utilized for delivering mRNA to express Yamanaka factors and SV40
large T in human fibroblast cells to activate pluripotency (Figure 4A) [30]. Along with
MRNA, the fibroblasts were also treated with small molecules (valproic acid, BIX01294 and
59-aza-29-deoxycytidine) to help increase the degree of reprogramming. In this study,
activation of pluripotency was achieved with high transfection efficiency, and they showed
that only a transient expression of reprogramming factors using mRNAs is sufficient to
generate iPSCs without causing genetic modification. However, mRNA-based
reprogramming approaches still need to overcome the innate immune response activated by
introducing a large amount of long RNAs [31]. It was also reported that multiple rounds of
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electroporation resulted in massive cell death [30]. As shown in the study, electroporation
can cause thermal damage. This leads to low cell viability after gene electrotransfer, even
though transfection efficiency might be high in leftover viable cells. Moreover, it is a labor-
intensive procedure compared to other non-viral approaches, and is not considered a
universal method since it requires a specific device, leading researchers to seek alternative
approaches.

As a modified manner, nucleofection has been exploited for introduction of genes to cells.
Nucleofection shares a physical basis with electroporation, but the main difference is that
nucleofection involves complexation of genes with cell specific reagents prior to
electroporation. It provides a great advantage when transfecting non-dividing cells or resting
red blood cells and primary cells which are known to be difficult to transfect. Nucleofection
was applied to deliver minicircle DNA that contained one cassette of four reprogramming
factors (Oct4, Sox2, Lin28, Nanog) with the green fluorescent protein (GFP) reporter [32].
In between the gene encoding each protein, self-cleavage peptide 2A sequences were placed
to separate each gene. This study demonstrated generation of transgene-free hiPSCs from
adult human adipose stem cells with the advantage of higher transfection efficiency from
nucleofection of minicircle DNA due to lower activation of exogenous silencing
mechanisms. However, it had an overall transfection efficiency of ~0.005%, which is still
significantly lower compared to that with viral approaches.

As described, both electroporation and nucleofection of genes for reprogramming show
higher transfection efficiency compared to other approaches. However, cell damage caused
by the process and potential cytotoxicity still remains problematic.

3.2. Nanoparticles

Nanoparticles made from a range of materials, including metals, polymers and lipids, have
been extensively studied in fields of drug delivery, catalysts, diagnostics and therapeutics
[33]. In particular, it has attracted much attention in the area of gene delivery, mainly due to
its suitable size for cell penetration, large surface area for loading molecular cargo and
protection of loaded substances from external threats [34, 35]. Nano-particulated forms of
gene or protein carriers have been applied for cell reprogramming to achieve stable gene
expression from the delivered reprogramming factors and thus improve reprogramming
efficiency.

One example is mesoporous silica nanoparticles (MSNs) which have the advantages of
tunable charge, low cytotoxicity and enhanced delivery efficiency [36]. Furthermore, MSNs
are known to have a highly porous internal structure, which provides large surface area for
loading high amounts of molecular cargo within the nanoparticle. MSNs were
advantageously used for the rapid differentiation of miPSCs to definitive lineage cells
(Figure 4D) [37]. To be specific, non-viral vectors encoding hepatocyte nuclear factor 3p
(PHNF3p) were electrostatically adsorbed to positively charged FITC-labeled MSNs
(FMSNSs). By delivering a FMSN-pHNF3p complex to miPSCs, it was confirmed that the
complex could improve miPSC differentiation toward hepatocyte-like lineage with mature
liver function. Moreover, it has been demonstrated that FMSNs could be used for labeling
miPSCs without affecting pluripotency of the cells.
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Calcium phosphate nanoparticles (CaP-NPs) were also adapted for Yamanaka factors to
human umbilical cord mesenchymal stem cells (HUMSCs) [38]. In this study, 20-50 nm
sized pOSKM (plasmid DNAs encoding Yamanaka factors) loaded CaP-NPs were
synthesized by forming ionic complexes via co-precipitation of calcium chloride and
disodium hydrogen phosphate. This synthesis was in the presence of pPOSKM within water-
in-oil microemulsions. The benefits of calcium phosphates are their material properties,
including good biodegradability and biocompatibility. This system resulted in
reprogramming efficiencies of 0.049%, which was higher than the results from previous
studies.

Magnetic nanoparticles were also employed for nanofection of iPS genes, which involved a
magnetic field to promote transfection (Figure 4C). This approach, termed ‘magnetofection’,
has been utilized for non-viral gene delivery with high efficiency for over a decade [39]. For
example, magnetic nanoparticles made from biodegradable iron oxide with an overall size of
10-20 nm were coated with a cationic polymer, polyethylenimine (PEI), prior to forming
complexes with plasmid DNA for reprogramming factors [40]. Then, by applying a
magnetic field to the cells, they are allowed to rapidly get in contact with the complexes.
Since the magnetofection process significantly increased the local concentration of
delivering genes on the cell membrane, high transfection efficiency along with high
reprogramming efficiency in MEFs could be achieved in this study, suggesting this system
may serve as a potential efficient reprogramming tool in future.

For the delivery of reprogramming factors in nanoparticle form, protein-encapsulated
cationic bolaamphiphile sub-micron sized particles were also introduced for generating
hiPSCs [41]. Cationic 1,12-aminododecane based bolaamphiphile has a central hydrophobic
core for formation of stable structures by hydrophobic interaction between carrier and
protein cargo. In addition, the bolaamphiphile has a primary amine for facilitating
electrostatic interactions and hydrogen bonding between carrier and protein, and secondary
amine for enhancing endosomal escape of the complexes. This study demonstrated hiPSC
generation from human foreskin fibroblasts by delivering a protein-bolaamphiphile complex
bearing four reprogramming factors (KLF4, Nanog, NR5A2 and Sox2). The colonies
appeared between 15 and 20 days with a reprogramming efficiency of 0.05% which is
similar to that of viral reprogramming approaches. Although the mechanism of releasing
protein cargo from the carrier is yet to be elucidated, this approach has shown potential to be
utilized in hiPSC generation.

More recently, chitosan nanoparticles (CNPs) were employed to deliver recombinant Oct4 to
human fibroblasts, demonstrating a potential of CNPs to be a promising tool for the
generation of transgene-free hiPSCs (Figure 4E) [42]. A nanoparticle formulation provides
protection for the loaded recombinant Oct4, while naked recombinant Oct4 is known to
become rapidly degraded in cell culture conditions. Furthermore, it was shown that Oct4
encapsulated in CNPs efficiently entered fibroblasts without compromising its biological
function, while soluble Oct4 protein was unable to enter the cells. While these protein
induced pluripotent stem cells (piPSCs) are expected to be safer compared to iPSCs using
viral vectors, a further development of piPSCs is limited due to its poor reproducibility [15].
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Another example is a polyethylene glycol (PEG)-conjugated poly(amidoamine) (PAMAM)
dendrimer conjugated gene delivery system [43]. The dendrimers were conjugated with the
RGD peptide for facilitating cell adhesion and subsequent entry, as well as with pDNA
encoding human bone morphogenetic protein-2 (hBMP-2) and reporters (plasmid DNA
carrying both the enhanced green fluorescent protein and the luciferase; pEGFPLuc),
resulting in nanoparticles with overall size of few hundred nanometers. In the assembly
process, gold nanoparticles (AuNPs) with the size of 2 nm were also entrapped within the
nanoparticles, providing the AuNP-entrapped dendrimer carrier with an improved
biocompatibility due to reduced dendrimer amine functionality and potential use for X-ray
imaging or photothermal therapy. Using this dendrimer complex for gene delivery, the
expression of hBMP-2 in human mesenchymal stem cells (hMSCs) was achieved, which
could then lead to hMSC differentiation down an osteablastic lineage.

Functionalized AuNPs have been employed to study cellular responses on osteogenesis of
bone marrow-derived hMSCs recently [44]. This study found that AuNPs functionalize with
carboxy! group induced up-regulation of growth factors FGF-2 and TGF-f in hMSCs, which
can lead to cell proliferation and bone expansion.

Moreover, another study reported that magnetic core-shell nanoparticles conjugated with
multiple targeting genes and gene repression molecules could be utilized for gene repression
in stem cells, to initiate enhanced differentiation of neural stem cells into functional neurons
[45]. Although these studies were not for generating iPSCs or inducing stem cell
differentiation, gaining knowledge of how different nanomaterials affect cells is expected to
accelerate development of technology for stem cell reprogramming and regenerative
medicine in the future.

Reprogramming with nanoparticle-based approaches allows compact packing of genes to
deliver and provides the genes with extra functionalities such as targeting ability. Although
nanoparticles-based reprogramming approach is still not a general method applied as much
as it has been for other therapeutic and clinical purposes, it is expected to be developed
further with the help of advances in synthetic approaches of nanoparticles and further
understanding of nanoparticles in reprogramming.

3.3. Nucleic acid-based complexation

To introduce cells with foreign genes, liposome-based approaches have been applied in the
field of gene delivery. There are quite a few liposomal carriers that are commercially
available, and they are recognized as a safe carrier to the cell when compared to viral
carriers. Lipofection is carried out by fusion with cell membrane made up of phospholipid
bilayer to deliver molecular cargo to the cells (Figure 4B). For instance, cationic lipid-
mediated introduction of mMRNAs encoding Yamanaka factors was reported in 2010 and
2011 [46, 47]. A proof-of-concept study determined that fibroblasts converted to less mature
cardiomyocytes via direct reprogramming using lipid based miRNA methods as well [48].
This is particularly beneficial to heart regeneration and proves to independently influence
cell reprogramming.
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Due to the negatively charged phosphate backbone of nucleic acids, cationic polymers are
widely used for synthesizing polyplexes for efficient gene delivery. Polyplexes can protect
the cargo from nuclease-mediated degradation while having small sizes for entering target
cells. Moreover, a polymer-based gene delivery system is less harmful to the recipient cell,
compared to viral gene delivery [49]. In addition, positively charged polymers are believed
to induce a “proton sponge effect”, which causes a burst release of the cargo in the
endosome, therefore enhancing the efficiency of gene delivery. Although there are still
issues regarding biocompatibility of some polymers used to fabricate polyplexes, it is
considered an effective strategy for condensing genes and effectively delivering genes to
cells for cell reprogramming.

Plasmids encoding Oct4 and SirT1 complexed with cationic polyurethanes-short branch PEI
(PU-PEI) were used for overexpression of genes in aging cells [50]. In this study, it was
hypothesized that upregulation of these two factors may attribute to bring aged retinal
pigmented epithelium (aRPE) cells back into a rejuvenated state. It was found that
overexpression of Oct4 and SirT1 in aRPE cells was achieved by utilizing PU-PEI as non-
cytotoxic carrier with high transfection efficiency. The two overexpressed factors enhanced
antioxidant enzymatic activities of the cells, and the cells were reprogrammed into retinal
progenitor-like cells without being in iPSC-like states.

Polyketal copolymer PK3 was used to complex with mixtures of microRNA:DOTAP ion-
pairs to induce pluripotency from mouse bone marrow-derived mononuclear cells (BM-
MNCs) [51]. PK3 remains stable at pH 7.4 for several weeks, while it is rapidly degraded at
pH 4.5. Therefore, miRNA payloads could be protected from serum nuclease-mediated
digestion at neutral pH, then miRNA:DOTAP ion-pairs could be released from the complex
in endosomes due to rapid hydrolysis of PK3 at endosomal pH. This approach has been
applied for other gene delivery systems like siRNA delivery to macrophages as well [52].

More recently, positively charged Pleurotus eryngii polysaccharides (CPEPS) were
employed for delivering plasmid DNA encoding two of the Yamanaka factors (Oct4 and
Sox2) with miR302-367 to replace oncogenic KIf4 and c-Myc [53]. The microRNA and
CPEPS were self-assembled by electrostatic interaction, resulting in 40 to 100 nm sized
nanoparticles. By using naturally occurring polysaccharide with biodegradability and
biocompatibility, the nanoparticles showed lower cytotoxicity compared to commercially
available liposomal carrier, Lipofectamin2000, while successfully carrying out hiPSC
generation from HUMSCs with high reprogramming efficiency (0.044%).

As exemplified above, lipoplexes and polyplexes have been facilitated for efficient non-viral
gene delivery to induce pluripotency or differentiation. By selecting an appropriate kind of
lipid or polymer for complexation of genes, the encapsulated genes can be provided with
extrinsic properties, including physical, chemical and physicochemical properties, which
could lead to boosted gene delivery and reprogramming efficiency.
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4. Biophysical regulation of cell reprogramming

Mechanisms of extracellular matrix (ECM) manipulation on cell fate have been used as a
means to investigate the role that substrates can play on cell reprogramming and
differentiation. Biomaterials similar to the /n vivo ECM in stiffness, topography, or material
may guide specified differentiation of iPSCs [54, 55]. For example, the discovery that
naturally occurring ECM molecules like collagen can influence differentiation through their
presence and degradation has led to studies of biomaterial influences on cell lineage [56].
This is based on substrates sequestering and activating signals with cells, highlighting the
effects of topographical cues in the substrate. Developing engineered substrates that
manipulate both intrinsic and extrinsic factors such as cell shape and intracellular pathways
provide a controlled environment for tissue engineering and regenerative medicine [55, 57,
58, 59].

There are many different approaches to be taken when incorporating biomaterials in cell
structures that affect the intricate signaling pathways cells induce [60]. Examples include
using proteins like collagen or laminin in conjunction with polymers like agarose and
alginate to promote the xenogeneic proliferation of stem cells. Synthetic polymers, on the
other hand, can have highly controlled properties and be easily screened for biomimetic
behavior. However, they are lacking in biological activity and cell control [61]. Synthetic
biomaterials like graphene promote fibroblast reprogramming into a pluripotent and
proliferative state through activation of mesenchymal to epithelial transition epigenetic
changes. This property enhanced the ability to reprogram cells virally from fibroblasts to
iPSCs [62].

Given the cues that microenvironments provide to cells, it should be expected that the
combination of biochemical and biophysical changes provides a synergistic effect on
proliferation and programming (Figure 5). Studies using PEG hydrogels with Yamanaka
factors [63] or nanotopography with biofunctional growth factors [64] are proving that cell
reprogramming can be enhanced via these engineered cues. In this section, factors such as
substrate topography, stiffness, and stretching that have potential for more efficient cell
reprogramming are discussed.

4.1 Micro/nanotopography

The major effects of topography on cells are cell adhesion, proliferation, morphological
changes, migration, and organization, which ultimately helps determine cell fate [65]. The
ranges of topographical cues investigated span from the micro to the nano scale. Initially,
studies focused on microtopography as a means of reprogramming and differentiation, but
nanotopography has garnered more attention in recent years due to their increased
similarities to /n vivo ECM structure.

On the micro scale, one study used both microgratings and microposts to investigate effects
on cell reprogramming of MEFs to induced neurons (iN) using overexpression of
transcription factors (Figure 6B) [66]. These designs both promoted iN outgrowth, as well as
neuronal gene expression and regulation compared to flat substrates. Neurites showed a
difference in cell shape, furthering the claim that controlled niches and cell shapes are
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coupled in defining cell pathways. Microtopographic scaffolds using electrospun fibers have
been used as another platform for mouse neuronal reprogramming and development [67].
The three dimensional thick fibre neuronal scaffolds improved iN growth onto hippocampal
brain slices. The emphasis of this design is that it also focused on subtype specific neurons
working together in a 3D microniche, suggesting that the scaffold promoted specificity and
biomimicry. These studies move closer to controlling niches for more efficient cell
reprogramming into a neuronal lineage by actively modeling /n vivo conditions.

Various micropattern topographies have been explored on multiple cell types based on
respective cell niches monitored /n vivo. Human adult renal progenitor/stem cells (ARPCs)
have been differentiated into a tubular form using micropatterns [68]. Micropatterns
containing ECM proteins (i.e. fibronectin) were designed and ARPCs were interfaced on
these structures to promote differentiation without the use of exogenous chemicals. The
results showed viable differentiated cells that lasted up to 20 days. An important factor of
this study is that the micropattern was able to control cell shape via elongation. As the
surfaces decreased patterning width (50 um to 5 um), cells also began to lose their stemness,
suggesting that stricter topographies promote differentiation.

Another example using parallel microgrooves enhanced mouse cardiac progenitor cells into
cardiomyocyte like cells (Figure 6C) [69]. Differentiation was recognized through
biochemical factors, and proved that viral induction of stem cells combined with the
anisotropy of microgrooves provided a more organized, biomimetic atmosphere. This
excludes the intervention of chemical inducers to create a simpler method for more efficient
cell manipulation.

A more recent study goes further by reprogramming fibroblasts to cardiomyocytes on
microgrooves while exploring other biophysical cues. A new mechanism for controlled cell
reprogramming in which MkI1 activity was regulated on microgrooves was introduced. This
regulation and the presence of a sarcomeric structure were only partially shown with a
biochemical approach compared to the microgrooves [70]. Microtopography promotes a
mesenchymal-to-epithelial transition in adult mouse fibroblasts as well. Microgrooves have
been observed to affect histone acetylation activity, suggesting that changes in cell
morphology play a major role in epigenetic states (Figure 6A) [71].

Shrinking to the nanotopographical cue has led to more interesting results such as being
used for disease modeling and drug screening. Through development of nanotopographical
substrates, a novel disease model for Duchenne muscular dystrophy has been discovered
[72, 73]. By using patient specific hiPSCs, this particular model can more accurately test
disease phenotypes without the effort of /n vivo testing. Using nanotopographical substrates
as a biomimetic tool, distinctions in disease models and cell differentiation can more
effectively be researched.

Furthermore, pancreatic differentiation and regulation of pancreatic transcriptional factors
has been demonstrated from both hESCs and hiPSCs using 200 nm nanopore patterned
surfaces (Figure 6D) [74]. Pancreatic endocrine cells that produce insulin and other
chemicals were enhanced in the presence of biochemical factors. By providing a specific

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Long et al. Page 11

biochemical and biophysical environment through nanotopography, these endocrine cells
were more easily controlled and thus could be differentiated with more efficiency.

Anisotropy has become a pinnacle part of differentiating cells as it provides an even more
accurate representation of the cell niche /n vivo. Being able to control anisotropy spatio-
temporally has been a goal for some experiments [75]. Anisotropy and its relation to cell
behavior have been investigated through cardiac pathways for stem cells. Substrate
nanogroove width has been optimized to the 700-1000 nm range and combined with a
coated peptide which further influenced human cardiomyocyte development [76]. Such
substrates could be optimized for specific cells and their appropriate niches and thus push
the boundary of drug screening, disease modeling, or other physiologically relevant studies.

Investigation into the cytoskeletal behavior and mechanical properties of hMSCs on different
substrates with nanotopography has proven interdependence with stiffness, however. This
suggests that two different substrates could change the mechanics of an attaching cell and its
subsequent signaling pathways [77]. Thus, it becomes important to consider material
mechanical properties and not just biocompatibility.

Comparing micro to nanopattern designs in recent research suggests favorability towards the
latter [78], yet there are studies that try to implement both these patterns into a single
gradient mold [79, 80]. As previously mentioned, nanotopography does well at aligning cells
along its specific pattern, more so than microtopography. Mouse fibroblasts have been
shown to translate into neurons more effectively using nanogrooves compared to
microgrooves [78]. Synthetic 350 nm nanogratings increase proliferation and differentiation
of hMSCs into a neuronal lineage. By promoting elongation around the grating axis,
intracellular neuronal markers were subsequently upregulated and further enhance with
exposure to biochemical cues. The emphasis here is that extracellular cues can
synergistically promote reprogramming of cells to controlled phenotypes [81]. This type of
research has shown the possibility for different approaches to activate cellular pathways by
enabling proper cell organization and exposure to bioactive surface molecules that can
enhance differentiation. By tuning nanotopographical cues, cell behavior can be studied in a
dynamic medium that further represents the matrix in which these cells could be applied [82,
83, 84].

4.2 Matrix stiffness

Some studies have coupled surface chemistry and stiffness together as one factor for cell
differentiation, but groups had begun to realize the significance of stiffness as its own
variable for cell niches. One group sought to reconcile challenges between stiffness and
surface chemistry. Their results suggested that when stem cells were exposed to PEG
hydrogels with arginine-glycine-aspartate (RGD) peptide nanoarrays on the surface, that
both factors equally and independently played a role in cell differentiation [85]. The PEG
stiffness could be correlated to the focal adhesion of cells to substrates. Stiffness promotes
cell tension and thus activation of chemical pathways that lead to reprogramming into
appropriate phenotypes. Softer substrates as low as 0.1 kPa made of polyacrylamide
hydrogel have been reported to promote iPSC induction using mesenchymal-to-epithelial
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activation or regulation of stemness factors [86, 87]. This proves that stiffness control can
help to control iPSC production for future applications.

Matrix elasticity is thus directly correlated with stem cell differentiation. In particular, as
substrates get stiffer (up to 100 kPa), the closer they are to osteogenic differentiation [88].
Softer matrices promote cell roundness and increasing stiffness develops branching, spindle,
and polygonal shapes linked with other cell phenotypes [89]. Depending on substrate
material, stiffness thresholds will overlap and thus differentiation into two different
phenotypes will occur without the presence of other biochemical factors. For example,
adipocytes reside in tissues around 1-10 kPa [88] which overlaps with that of cardiac
muscles [90]. This knowledge has been used to create hydrogels seeded with ECM proteins
(fibronectin and collagen) and tunable stiffness to direct stem cells towards specific
differentiation pathways [91]. Tuned stiffness in conjunction with the appropriate coated
proteins on substrates signals cells to the desired phenotypes. Investigations of
cardiomyocytes derived from ESCs on stiffness ranging from 1 to 50 kPa emphasize that
increasing stiffness spread cells and promotes stress fiber formation [92]. This effect
influences the idea that anisotropy plays a major role in cell fate, much like research
pertaining to topography.

Research has not been limited to synthetic polymer gels. A soft collagen gel substrate
displayed hard substrate characteristics in cells [93]. Fibroblasts exhibited morphology and
cytoskeletal cues like spreading and monolayer organization. A collagen gel is reminiscent
of ECM conditions in that collagen is one of the representative proteins existent /n vivo.
However, some synthetic polymers like a co-polymer system of n-octyl methacrylate
crosslinked with diethylene glycol dimethacrylate (DEGDMA/nOM) prove ideal for
differentiation studies looking for independent effects of substrate stiffness without the
inconsistency of surface chemistry [94]. This co-polymer system elucidated the
mechanosensitivity of cells to their substrates by revealing that after a certain stiffness
threshold, gene expression does not increase but rather re-organizes corresponding to the
formation of osteoblastic markers which are known to associate with higher stiffness. Since
surface chemistry is often coupled with substrate stiffness, careful examination into
consistent surface chemistry provides clearer insights into substrate reprogramming and
differentiating efficiency.

Expanding to varying stiffness is the next step to discovering how cells adapt to their
surroundings. Creating stiffness gradients and applying hMSCs to this stimuli shows
preferential migration to stiffer substrates [95]. Stem cells will retain plasticity during this
durotaxis phenomenon. The challenge here is relating the soft hydrogel substrates often used
in vitro with the fibrillary nature of /7 vivo ECM. The importance of aligned tissue has been
established in research pertaining to topographical cues and thus coupling knowledge in
stiffness gradients and topographical cues could promote a better understanding of /in vivo
processes.

New mechanisms for cell regulation involving substrate stiffness have recently been
discovered and prove that cytoskeletal activity is only part of the equation. Substrate
stiffness dictates hMSC differentiation through the MIF-mediated AKT/YAP/RUNX2
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pathway. Once a stem cell contacts a stiffer substrate, intracellular migration inhibitory
factor (MIF) increases and starts a pathway towards AKT/YAP signaling inside the nucleus
which promotes osteogenic development (Figure 7) [96]. Other regulation mechanisms such
as the p190RhoGAP pathway have been characterized proving the intricacies and
intertwining intracellular signaling that occurs once a cell comes into contact with a
substrate with certain rigidity. This particular pathway activates cell-cell communications
and cell-substrate signaling simultaneously to adjust cell formation and proliferation to a
differentiated phenotype [97]. Linking these two mechanisms illustrates the growing
complexity of cell signaling required to adjust to microenvironments. Thus, being able to
tune these matrices for highly controlled reprogramming and subsequent differentiation
becomes a bigger challenge for future studies.

4.3 Mechanical stretching

Matrix mechanical stress has been proposed as another marker for biomimicry. Stem cells
need to differentiate into correct phenotypes under stressed conditions to actively replace
damaged cells or create the tissue structure as a whole. Since particular phenotypes
experience mechanical stress as part of their natural environment, mimicking that attribute
has become an investigation for stem cell differentiation. Most studies investigating
mechanical stress focus on specific phenotypes such as cardiomyocytes and osteoblasts [98,
99, 100, 101].

Looking at vascular smooth muscle growth and maturation, mechanical stress has induced
activation of these markers from hMSCs [102]. Other studies have linked induced stress to
spontaneous ligament directed differentiation [100]. The direction of stretch contributes to
cell behavior as well. Comparing uniaxial to equiaxial or radial stress on hMSCs suggests
that cell orientation and subsequent cell signaling became more important when stress was
uniaxial [99]. These results concluded that uniaxial strain is better suited for differentiation
towards smooth muscle cells; pending cell orientation can be controlled. Also, MSCs can
sense the subtle difference between different types of mechanical loading and respond
accordingly. Overall, no matter the amount of mechanical loading, hMSCs will lose their
stemness and gain the factors towards osteoblastic or tendon/ligament differentiation [98,
101]. The cell orientation will convert to a direction perpendicular to stress orientation,
providing a tissue response that seeks to balance the stress it is exposed to [94]. For
example, a recent study developed a probe to investigate cell actin stress and its role in cell
reprogramming and differentiation, which could elucidate how cellular mechanics can
influence cell fate [103]. By measuring actin mechanics directly during reprogramming
experiments, the correlation between environmental cues and intracellular signaling can be
justified and more controlled in future research.

One aspect of cell differentiation in response to mechanical cues in the environment that is
paramount when inducing stress is the release of ECM producing factors and biochemical
signals [102]. Mechanical stress enhances ECM components to be developed and thus
contributes to tissue construction and inherent cell differentiation in the process. By
producing ECM components, cells change their environment, and in contrast, are influenced
by their environment to do such an action. Xu et al proposes a signal network involving
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chemicals associated with recognizing other environmental indicators. They examined the
cytoskeletal organization of hMSCs and their relation to the Rho/ROCK pathway linked
with the intracellular chemical FAK. By inhibiting each of these processes, this network
subsequently could not be seen /n vitro, proving that this signaling network is the key
component to cell differentiation via environmental change [104]. Other studies suggest that
mechanical stretching can even regenerate skin tissue [105]. Stretching could upregulate
gene expression related to cell proliferation, vascularization, etc. This idea highlights the
important regenerative properties of stem cells and how that could be advantageous.

Depending on /n vitro conditions, mechanical loading can take precedence as a factor of cell
manipulation. One study tested the threshold in which mechanical loads can change
morphology and direction of 3T3 cells grown using nanotopographical cues [106]. Cells pre-
aligned by micro/nanostructures could be altered by cyclic in-plane strain, regardless of the
structure size. However, this time dependent study also found that over time and depletion of
mechanical stress, cells would re-orient themselves. This suggests that mechanical stress
plays an active role only during application and after effects can be mitigated by other
factors. Isolating mechanical stretching as a factor helps to understand the mechanisms by
which cells behave. Yet, combining it with nanotopography synergistically enhances stem
cell differentiation [107]. In converting mouse fibroblasts to a pluripotent state, mechanical
stretching not only re-oriented cells perpendicularly as previous studies showed, but actually
lowered reprogramming efficiency (Figure 8) [70]. This suggests that mechanical stretching
can influence cytoskeletal response to microenvironments and cell fate.

Stimulation on cell-seeded tendon slices have shown promise in promoting tenogenic
differentiation through upregulation of Type I collagen, decorin, and tenomodulin while
maintaining proper strength and stiffness needed [101]. Mechanical stress becomes more
valuable in cell phenotypes that endure those stresses /n vivo. Optimizing stretching for that
purpose proves to be effective in creating proper tissue constructs that replicate those
environments.

The effects of this mechanism are restricted to two dimensional cultures and remain a
challenge to exploit in three dimensional cultures. As some studies combine topography and
stretching, tissue engineering research is one step closer to moving to broader constructs that
invoke the proper anisotropy needed to be applied /n vivo. Incorporating topography such as
ridges that remain intact for long periods of time with mechanical stretching has produced
more stable biomaterials that promote long-term tissue regeneration [109]. Much like
stiffness gradients, strain gradients in three dimensional hydrogels align cells towards the
direction of strain and confirm that focal adhesions affect cell behavior [108]. Gradient
biomaterials can be used to manipulate cell behavior towards niches that actively represent
specific ECM properties for reprogramming and differentiation. Previously mentioned
topography [79, 80], stiffness [95], and strain [107] gradient biomaterials have shown that
cells can be controlled using these active niches for reprogramming purposes.
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5. Conclusions and perspectives

Manipulation of both biophysical cues and genetic makeup has profound effects on cell
behavior and can be optimized for future medical applications. By creating biomaterial
systems that deliver specific genetic markers and transcription factors while mitigating
harmful effects, and exposing cells to biomaterial scaffolds that accurately represent /n vivo
conditions, controlled efficient cell reprogramming can be accomplished. Finding
alternatives or additions to viral induction of somatic or stem cells has been the goal of
recent reprogramming research that employs these biomaterial delivery systems, and
successful routes have been discovered using plasmids and particles that can enter cells.
Increasing differentiation and proliferation efficiency has been an opportunity that has been
tackled by developing biomaterial scaffolds that are finely tuned to mimic /in vivo conditions
by using topographical, stiffness, and stretching cues. For biomaterial systems,
electroporation and nucleofection can be effective methods for transfection of genes and
better reprogramming compared to viral approaches, but it risks significant damage to cells
in the process. Nanoparticle systems, however, is in its relative infancy for reprogramming
purposes and requires optimization for reproducibility despite potential for targeted gene
transfer and cell manipulation. Nucleic acid based complexes have been proven a safer
carrier for genes compared to viruses and increased proficiency in cell reprogramming. Yet,
some of these methods require intracellular manipulation of cell pathways that could be
influenced by extracellular matrices. Developing biomaterial scaffolds with tunable
nanotopography, stiffness, and stress can provide this route of cell reprogramming without
directly changing the cell genome. These methods still rely on viral approaches of factor
introduction to somatic and stem cells however and require more control.

Future research will look to further explore the pathways associated with these biomaterial
systems and their effect on cell behavior, and optimize the efficiency of cell reprogramming
by synergistically combining delivery and matrix systems. In order to provide better
outcomes in biomedical research via more efficient patient specific treatments, being able to
control cells on demand is required. The major milestones for achieving this outcome
include elucidating the requirements of chemical signaling necessary to optimize the
efficiency of reprogramming to pluripotency from a somatic state, developing a dynamic or
gradient biomaterial platform that adapts to cell behavior, incorporating biochemical and
biophysical cues synergistically to yield specific tissue phenotypes with precision, and
exploring the effects of three dimensional cell niches and their possible enhancement of
reprogramming [110]. Recognizing what cues and factors take priority in how cells react and
then being able to tune these accordingly would provide more cell reprogramming control
and specificity. The current challenge is to develop niche-mimicking biomaterials as a
system where stem cells will be activated either manually or autonomously to a specific cell
phenotype on demand [111]. Therefore, using all the known microenvironmental factors to
engineer better cell niches will prove to be advantageous.
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Pathways to differentiation and reprogramming to pluripotency or direct reprogramming:
Pluripotent and somatic cells are exposed to genomic changes and micro-environmental cues
to promote reprogramming or differentiation into the appropriate phenotype. Once cells have
differentiated into a somatic form (i.e. skin fibroblasts), they can be reprogrammed using
these same techniques into stem cells or convert directly to certain phenotypes. Manipulating
the extracellular matrix/substrate that cells develop on by adjusting stiffness, topographical
cues, or stretching are among common biomaterial techniques attempting to use
microenvironments to control reprogramming and differentiation. Delivering genomic
markers into cells via carrier systems like nucleic acids and nanoparticles is another way to
actively adjust stem cell fate or convert from a somatic cell to pluripotency or induced
phenotypes.
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Different methods of cell manipulation that lead to reprogramming and differentiation. This
includes (A) topographical cues that signals cytoskeletal organization and thus intracellular

pathways, (B) varying stiffness that promotes cell phenotype specific reprogramming

through intercellular signaling, and (C) addition of soluble factors to cell culture to activate
cell pathways towards direct reprogramming. Reproduced with permission from ref. 57.
Copyright (2009) Elsevier, from ref. 55. Copyright (2013) American Chemical Society, and

from ref. 27. Copyright (2016) Wiley Periodicals, Inc.

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 April 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Long etal.

A
Reprogramming

factor delivery
Electroporation

PBAE transfection

++ 1
+

Human chondrocytes g

\q

N 2 o0, .o Nﬂwﬁ.\
(2t esoe)\
o KLF4
3 & NR5A2
iPSC genes
Figure 3.

Page 23

Myogenic
differentiation

TGF-p inhibitor

SB-431542
Plastic cells Myoblasts
4 4 ;'
A Eh o
IR 5§
{‘*""'ffi \ |\ receptor
hBMP-2 pDNA g “ Ty 4 T

? } &5 = \

T A0 4

N 1 stem cells

AuNPs/pDNA complexes (/ bone

Examples of non-viral approaches (A) Schematic of cell reprogramming and myogenic
commitment of human chondrocytes using electroporation and induced factors. (B)
Schematic representation of the entry of encapsulated cationic bolaamphiphile-protein
complex into the cell and their transformation of the cells to iPSCs. The cationic
bolaamphiphile-protein complex enters the cell via the cell membrane (1). Dissociation and
release of proteins into the cytoplasm (2). Released proteins get translocated to nucleus (3).
Proteins bind to their respective response elements and trigger the transcription of the genes
associated with reprogramming (4). (C) Schematic of arginine-glycine-aspartic (Arg-Gly-
Asp, RGD) peptide-modified dendrimer-entrapped gold nanoparticles (Au DENPS) specific
gene delivery to stem cells. Reproduced with permission from ref. 27. Copyright (2016)
Wiley Periodicals, from ref. 41. Copyright (2013) Elsevier, and from ref. 43. Copyright

(2015) ACS Publications.
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Schematic illustrations of non-viral cellular reprogramming approaches and cellular
reprogramming results from ref. 37, 40 and 42. (A) mRNA for expressing Yamanaka factors
can be introduced by electroporation. (B) Cationic lipid-mediated approach to activate
pluripotency in fibroblast cells. (C) Magnetofection of pDNA for reprogramming factors
complexed with magnetic nanoparticles (PolyMag) can also be used for generating iPSCs
from human fibroblast cells. (TEM image of pDNA-Polymag complexes is also presented).
(D) Cellular uptake assay of soluble Oct4 and Oct4 loaded CNPs towards human primary
fibroblasts indicates CNPs can be utilized as delivery agent for reprogramming factors. The
cells were stained with Oct4 antibody (a-Oct4; green) and Hoechst33258 for nuclear DNA
(blue). (SEM image of CNPs loaded with protein is also presented). (E) Introduction of
pDNA-loaded FMSNSs to iPSCs resulted in differentiation to hepatocyte-like cells (TEM
image of FMSNSs is also presented). Reproduced with permission from ref. 37. Copyright
(2013) American Chemical Society, from ref. 40. Copyright (2011) Elsevier, and from ref.
42. Copyright (2016) Impact Journals, LLC.
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Mechanotransduction is the process by which cells convert mechanical inputs into biological
responses. Mechanotransduction often involves a feedback process, and their mechanical
environment is dynamic and complex. Biophysical factors that induce these responses
include nanotopography, stiffness, and stretching. Modified with permission from ref. 84.

Copyright (2017) Elsevier.
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Figure 6.
Topographical cues acting as micro-environments for cell adhesion and in vivo mimicry

from ref. 66, 69, 71, and 74. (A) A summary of microtopographical regulation of histone
modifications and cell reprogramming in adult mouse fibroblasts. HDM, histone
demethylase. (B) Images of substrate topographies with micron-sized features fabricated by
micro-imprinting. Scale bar 5 pym. Neurites of induced neurons on micropost substrate
display more branching. Scale bar 100 pm. (C) SEM image of cardiac stem cells aligned on
grooves (Bar: 20 microns), immunofluorescent imaging showing overlaid alignment of
cardiac stem cells on grooved surface stained for cytoskeletal actin (Phallodin, green) and
nuclei (DAPI, blue). (D) Immunofluorescence image of human ES-cell-derived endoderm
differentiated by stimulating cells with growth factors on nanopit surfaces and stained
against markers FOXA2 and SOX17. Scale bar: 100 um. Reproduced with permission from
ref. 71. Copyright (2013) Nature Materials. Reproduced with permission from ref. 66.
Copyright (2014) Elsevier. Reproduced with permission from ref. 69. Copyright (2015)
Elsevier. Reproduced with permission from ref. 74. Copyright (2016) American Chemical
Society.
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Substrate stiffness activates intracellular pathways and cytoskeletal organization to influence
cell behavior. (A) Confocal laser scanning microscope images of immunofluorescent-labeled
YAP (green) and DAPI-labeled nuclei (blue) in hMSCs cultured on fibrous substrates with
(75PLLA) and without (PLLA) annealing. Arrows indicate the location of cell nuclei. Scale
bar = 200 um. (B) Hlustration of an identified molecular mechanism elucidating how
substrate stiffness directs hMSCs toward the bone-specific lineage. Reproduced with
permission from ref. 96. Copyright (2016) Elsevier.
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Figure 8.
Mechanical stretching induces perpendicular alignment and reduction of reprogramming

efficiency. (A) Transduced TTF with and without cyclical stretch fixed and stained on day
10. Scale bar denotes 50 um. (B) Yield of GFP + cells, normalized by initial number of cells
seeded, quantified on day 10 after stretching at various frequencies. (*p < 0.005, Bonferroni
test, compared to static. n = 5.) Reproduced with permission from ref. 70. Copyright (2016)
Elsevier.
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