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Abstract

Here we report the design of a unique matrix, assembled from engineered M13 phage
bionanofibers with specific cues of nanotopographies and versatile signal peptides to simulate
native niche for directing the fate of induced pluripotent stem cells (iPSCs). By independently
varying the peptide sequences and nanotopographies, we find that the resident iPSCs on the phage
matrix are first differentiated into mesenchymal progenitor cells (MPCs), which are further
differentiated into osteoblasts in the absence of osteogenic supplements due to the elongation
induced by phage nanofibers. The phage-based matrix represents not only a biomimetic stem cell
niche enabling independently varying biochemical and biophysical cues in one system but also a
substrate for generating a safe and efficient cell source for tissue engineering.
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Stem cells have the capacity to self-renew and generate functional differentiated cells that
replenish lost cells and hence participate in tissue regeneration, maintenance, and repair
throughout the lifetime of an organism.! Current studies on stem cells from diverse systems
have shown that stem cell functions are controlled by their extracellular microenvironment,
termed stem cell niche, which provides a location for positioning stem cells and integrates a
complex array of molecular signals from both intrinsic and extrinsic cues.23 Since the stem
cell niche plays a pivotal role in modulating stem cell fate, biomaterials that can potentially
provide biomimetic microenvironment are recently developed to design an artificial smart
matrix for simulating the native niche.*-8 Nonetheless, the current progress in biomaterial-
based niche is still limited due to the lack of excellent biomaterials that can reproduce the
biochemical and biophysical stimulation in a native niche. Moreover, it is difficult to
independently vary the biochemical and biophysical cues in a material system. Most of the
current studies on the biomaterial-based niche focus on an independent factor, either
biochemical or biophysical stimulation for dictating stem cell fate.”8 No reports are
available where these two distinct factors are explored independently to understand their
effects on directing stem cell fate. Therefore, an ideal biomimetic niche is needed to
untangle the effects of biochemical and biophysical cues on stem cell fate.

On the other hand, induced pluripotent stem cells (iPSCs) have recently received great
attention for their innovative applications in stem cell therapy.® With the reprogramming of
somatic cells to be pluripotent, it is possible to successfully overcome the serious immune
rejection by enabling patient-specific cell therapy and bypass the ethical issue of embryonic
stem cells (ESCs).1911 Although mesenchymal stem cells (MSCs) from autologous bone
marrow have been successfully used for bone repair, they are associated with several
drawbacks including limited availability of autologous MSCs, low in vitro expandability,
and decreased osteogenic differentiation potential with aging of bone marrow.12:13
Additionally, the formation of fully functional bone requires multiple cell types including
osteoblasts, neural cells, and vascular cells to act in concert in order to maintain healthy
bone structure and function.141> Hence, the iPSCs can be considered as a promising
alternative cell source for the construction of fully functional bone substitutes because they
can give rise to all of these different cell lineages due to their pluripotent differentiation
capacity. However, inducing the osteoblastic differentiation of iPSCs by a biomaterial is still
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a challenge and the iPSCs and their derived cells may risk the formation of teratoma. Hence,
there is a pressing need in identifying a material that can induce the differentiation of iPSCs
into osteoblasts that can safely be used in bone regeneration.

To tackle the aforementioned challenges, we used a phage display approach to form a
biomaterial that mimics the native stem cell niche and to use the resultant biomaterial as a
biomimetic niche to induce the directed osteoblastic differentiation of iPSCs. Specifically,
we employed a unique bionanofiber, M13 phage, to design a biomimetic matrix with
specific biochemical cue (signal peptide) and biophysical cue (nanotopography). Such a
matrix allowed us to systematically study the effect of biochemical and biophysical cues on
manipulating stem cell fate by varying the two cues independently. M13 phage, a virus that
specifically infects bacteria and is harmless to human beings, is indeed a bionanofiber
because it measures ~880 nm long and ~6.6 nm wide.16:17 It is made of a protein coat
encapsulating a ssDNA. The side wall of the phage is made of ~2700 copies of a major coat
protein (termed pVII1), to which a foreign peptide can be fused by genetic insertion of the
foreign gene coding for the peptide in the ssSDNA (Figure 1). In addition, it can be mass-
produced in large quantities of monodisperse nanofibers by infecting host bacteria in an
error-free format. Therefore, compared to other nanofibers, M13 phage is unique in that it
can be self-assembled into different patterns. Different peptides can be genetically displayed
on the side wall, but the peptide display does not influence the assembly of phage nanofibers
into a specific pattern (parallel versus random),16:18 enabling us to vary peptides while
keeping the phage assembly pattern constant or to vary the phage assembly pattern while
keeping the peptide sequences constant. These unique properties of M13 phage make it
possible to use phage-assembled matrix for studying the effect on stem cell fate of both
nanotopography (biophysical cue) and peptide sequences (biochemical cue) in one system.

Recent studies have demonstrated that designed peptide—amphiphile and selected active
peptides from growth factors are of paramount importance to direct stem cell fate.5:19
Hence, here we displayed four peptides derived from different functional proteins on the
major coat (side wall) of filamentous M13 phage by phage display technique (Figure 1A,B).
These four peptides contain two adhesive signal peptides, including RGD and RGD/PHSRN
(a combination of RGD and PHSRN) from fibronectin (FN), and two growth factor signal
peptides, including ALKRQGRTLYGFGG from osteogenic growth peptide (OGP) and
KIPKASSVPTELSAISTLYL from bone morphogenetic protein 2 (BMP2) (Figure 1E).
These peptides as biochemical cues have been selected and displayed on the major coat of
phage because they are derived from proteins highly associated with bone extracellular
matrix (ECM) and bone regeneration. FN is a large adhesive glycoprotein found in the ECM
and significantly impacts adhesion, proliferation, and differentiation of many cell lines due
to two of its specific peptide domains, RGD and PHSRN, which interact with integrin.20-22
Bone morphogenetic proteins (BMPs) are members of the transforming growth factor-4
superfamily and can induce ectopic bone formation in animal models.23 The sequence
corresponding to a domain (residues 73-92) of BMP2, KIPKASSVPTELSAISTLYL, can
bind to a BMP2-specific receptor and elevate mRNA of both alkaline phosphatase (ALP)
and osteocalcin (OCN) in the mouse mesenchymal cell line.24 OGP is a short, naturally
occurring 14-mer growth factor peptide (ALKRQGRTLYGFGG) found in serum at a
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concentration level of pmol/L and regulates proliferation, differentiation, and matrix
mineralization in osteoblast lineage cells.2

The bioengineered phages displaying different signal peptides showed a filamentous
structure with ~880 nm in length and 6.6 nm in width and consequently could be pictured as
a bionanofiber (Figure 1C,D). These engineered bionanofibers were assembled to form
phage-based matrix by our reported layer-by-layer self-assembly method (Figure 2A).16:20
The resultant matrix presented an ordered surface nanotopography (Figure 2B-D).
Moreover, no matter what peptides were displayed on the constituent phage, we discovered
that the phage matrix exhibited a similar unique surface topography where phage bundles as
ridges were parallel to each other and separated by grooves. Thus, we termed this
nanotopography of phage-assembled matrix as a ridge/groove structure. Such structure was
formed because M13 phage was readily assembled into bundles that were further assembled
in a parallel format to form a phage-based matrix due to the long-rod structure and
monodispersity of phage nanofibers (Supporting Information, Figure S1).26:27 In addition,
the electrostatic interaction between negatively charged phage nanofibers and positively
charged poly-.-lysine substrates used in the layer-by-layer assembly may provide another
driving force to promote the assembly of phage matrix.2” We also fabricated the phage
matrix with random nanotopography as a control using a simple spinning-drying method
(Supporting Information, Figure S2). These phage-assembled matrices combine specific
biochemical factors (phage-displayed peptides) with unique biophysical cue (ordered or
random surface nanotopography) in a fabulous biomaterial and can design diverse stem cell
niche to evaluate the interaction between stem cells and biochemical and biophysical cues.

We discovered that the shape of resident iPSCs-derived embryonic bodies (EBs) on the
phage matrix presented several major changes from nearly spherical, first to bipolar
fibroblast-like and then to polygonal during the culture period. With morphological
alteration of EBs, more fibroblast-like cells were present from outside to inside of EBs over
time (Figure 2F,G). Interestingly, we found that the phage matrix with ordered ridge/groove
nanotopography significantly induced the elongation and alignment of these fibroblast-like
cells along the phage bundles. These specific regulations on cell elongation and alignment
were independent of the peptide sequences displayed on the constituent phage nanofibers
and solely relied on the ordered surface topography (Figure 2H-J). Because such elongated
and aligned fibroblast-like cells were not detected in both random control (phage matrix
substrate with random surface topography) and smooth blank control (poly-.-lysine substrate
without phage matrix). In addition, the resident cells were randomly oriented on the two
controls due to the lack of contact guidance by the ordered topography of phage matrix
(Figure S3). Our findings suggest that the surface nanotopography (ordered, random, and
smooth) of culture substrate can significantly influence stem cell behavior by altering cell
morphology.

The resident iPSCs-derived EBs seeded on the phage matrix were directed to differentiate
into mesenchymal lineage by induction medium prior to studying the osteoblastic
differentiation of iPSCs. At the initial time, the seeded EBs showed classic rosette staining
with specific pluripotent markers of Oct3/4 and Nanog (Figure S4). After mesenchymal
induction for 3 days, the EBs showed a significant morphological alteration and presented a
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gradual differentiation from outside to inside based on flow cytometry analysis and
immunofluorescence staining. We confirmed that the bipolar fibroblast-like cells on the
phage matrix expressed varying levels of surface antigen markers including CD90, CD44,
and Sca-1 from a mesenchyme of embryonic connective tissue and lacked the hematopoietic
marker of CD45 (Figure 3A). Thus, these bipolar cells elongated by the phage matrix can be
termed as mesenchymal progenitor cells (MPCs), because they express most of the surface
antigens of MSCs, and can be considered as early MSCs (Figure S5). The
immunofluorescence staining also showed a consistent outcome, and the fibroblast-like cells
located on the EB edge exhibited positive staining of MPCs markers (Figure 3B). Therefore,
our current results demonstrate that the resident EBs show a quick response to the phage
matrix and can be guided to differentiate into the mesenchymal lineage at the early stage of
EB differentiation.

We,27 along with others,28:29 have clearly demonstrated that the nanotopography-induced
elongation of human and rat MSCs initiated their directed osteoblastic differentiation
without any osteogenic differentiation supplements. Furthermore, the peptides displayed on
the surface of phage matrix are highly related to bone formation. Consequently, we further
evaluate the osteoblastic differentiation of the above bipolar fibroblast-like MPCs induced
by the unique phage matrix with ordered nanotopography and controlled biochemical cue in
the absence of any osteogenic supplements.

ALP, a specific marker protein of osteoprogenitor, is normally used to verify the osteogenic
status at the initial stage. The ALP analysis demonstrated that all of the phage matrix with
ordered nanotopography including wild-type (WT) and bioengineered phage matrix showed
a significantly high ALP activity compared with the blank control (**, p < 0.01) (Figure
3C). Moreover, among the bioengineered phages, OGP-phage and BMP2-phage showed a
higher level of ALP expression than FN1-phage and FN2-phage. However, the phage matrix
with random nanotopography (random control) showed a low level of ALP expression and
exhibited no significant difference in comparison with the smooth control (Figure S6). These
results indicate that the biophysical stimulation of ordered nanotopography plays a crucial
role in inducing osteogenic differentiation, and the biochemical cue of signal peptide is
dependent on nanotopography.

Immunofluorescence staining, as a qualitative analysis at the protein level, was used to
investigate the osteogenic markers (Figure 3E). We found that OCN and osteopontin (OPN),
two osteogenesis-specific markers, showed positive staining on all of the phage matrices
with an ordered nanotopography. In addition, the OCN and OPN exhibited a higher
expression level in the OGP-phage and BMP2-phage than in FN1-phage and FN2-phage.
Collagen | (COL) as a positive control is a nonspecific osteogenic marker. It showed a high
expression level in all groups, and there was no significant difference between the phage
matrix and controls. Nevertheless, both OCN and OPN were not detected on all phage
matrices with a random nanotopography. These findings imply that the same bioengineered
phage matrix without an ordered nanotopography is unable to induce the osteogenic
differentiation of iPSCs, and the ordered nanopattern of the phage matrix is a primary factor
for inducing differentiation. Namely, our work demonstrated that the topographical cue is
more important than the protein cues in directing the osteoblastic differentiation of iPSCs. It

Nano Lett. Author manuscript; available in PMC 2015 January 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 6

should be noted that, even though the phage bundles are shorter and narrower than the ridges
in the microgrooved structures produced by electron beam lithography3%:31 and
photolithography,32:33 the unique biochemical and biophysical cues carried by phage-based
microgrooved matrix could still induce the differentiation of iPSCs.

A real-time polymerase chain reaction (PCR) assay was used to further analyze the relative
transcription level of osteogenic genes associated with osteogenic differentiation (Figure
3D). The results demonstrated that both OCN and OPN genes showed a significant up-
regulation on the phage matrix with an ordered nanotopography in comparison with the
smooth control (*, p < 0.05). The genes of OCN and OPN also showed a significantly higher
mRNA level in the groups of OGP-phage and BMP2-phage than in FN1-phage and FN2-
phage. Moreover, no significant mMRNA level of both OCN and OPN genes was detected in
the phage matrices with a random nanotopography. The nonspecific osteogenic marker,
COL gene, was detected and showed a higher level in all groups. All of these results are
highly consistent with the immunofluorescence assay and ALP analysis.

Overall, by comparing the ordered phage matrices with their corresponding random control,
we can conclude that the ordered nanopatterns on the phage matrix can direct the
osteoblastic differentiation of iPSCs, which are predifferentiated into MPCs in the
conditioned media, in the absence of any osteogenic supplements. A comparison between
the ordered bioengineered phage matrix and the ordered WT-phage matrix (no peptide
display) shows that the signal peptides can further influence osteoblastic differentiation and
the peptides from growth factor proteins of OGP and BMP2 can significantly boost the
osteoblastic differentiation in comparison with those from the adhesive factor of FN1 and
FN2. However, the signal peptide for modulating osteoblastic differentiation is dependent on
how their carriers, the phage nanofibers, are organized but cannot act independently.

One major risk in the clinical use of iPSCs is that they can induce teratoma formation in
vivo.34:35 The same issue applies to the specialized mature cells derived from iPSCs.
Consequently, we tracked the performance of iPSCs-derived osteoblasts (iPSCs-OBs) in
vivo and evaluated their potential risk in inducing teratoma formation. The animal test
showed that teratomas were not formed in the group of iPSCs-OBs one month after cells
were injected into nude mice (Figure 4B). On the contrary, the iPSCs as a control group
generated a large teratoma under the same condition (Figure 4A-C). By histological
analysis, we found that the teratoma contained three embryonic germ layers, including
endoderm, mesoderm and ectoderm (Figure 4D-I1), which were all differentiated from
iPSCs. These data confirm that the iPSCs-OBs achieved by our current protocol are safe and
unable to induce any teratoma formation and thus could serve as an alternative cell source
for bone tissue engineering.

In summary, a unique bionanofiber-assembled matrix as a biomimetic stem cell niche with a
controlled biochemical cue and ordered nanotopography was precisely designed to direct the
iPSCs fate. Our current data demonstrated that both the biochemical cue (i.e., displayed
peptides) and ordered nanotopographical cue (i.e., ridge/groove nanotopography) had an
effect on the osteoblastic differentiation of the iPSCs. The ordered nanotopographical cue
changed the shape of resident cells by inducing cell elongation along the phage nanofibers
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and eventually stimulated osteoblastic differentiation of iPSCs. The peptides that were
highly associated with bone regeneration and displayed on phage nanofibers further
enhanced osteogenic differentiation level. The growth factor signals of OGP and BMP2 are
more effective in inducing the osteoblastic differentiation of iPSCs than the adhesive signals
of FN1 and FN2. We first demonstrated that a cooperative combination of the ordered ridge/
groove nanotopography and growth factor signal peptide cues can significantly promote the
osteoblastic differentiation of iPSCs in one system. The iPSCs-derived osteoblasts are safe
and do not induce teratoma formation in vivo. This work provides a powerful approach to
the use of phage display for creating a unique matrix that can direct the osteoblastic
differentiation of iPSCs and develops an alternative cell source for bone tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Phage display technique. A foreign peptide was fused to (and thus displayed on) the major

coat (side wall) of wide type M13 phage (A) to form a bioengineered phage (B). The
displayed peptide was helically assembled along the long axis of the phage nanofiber. M13
phage could be pictured as a bionanofiber with around 880 nm in length and 6.6 nm in width
(C, atomic force microscopy (AFM) image; D, transmission electron microscopy (TEM)
image). Two adhesive signal peptides and two growth factor signal peptides derived from
different functional proteins that are highly associated with bone extracellular matrix (ECM)
were separately displayed on the phage (E). FN2 denotes that two peptides (RGD and
PHSRN) are double displayed on the major coat of phage.
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(A) The iPSCs differentiation induced by phage matrix

@ —e— o

MPCs Osteoblasts

Figure 2.
Fabrication of phage-assembled matrix and the interaction between the phage matrix and

iPSCs. The phage-assembled matrix with an ordered surface nanotopography was generated
by a layer-by-layer self-assembly method, where the glass substrate was alternately
immersed into the cationic poly-c-lysine solution and anionic phage nanofiber solution to
achieve the electrostatic self-assembly of phage matrix, and phage layer was the last layer
deposited (A). The resultant phage matrix showed specific ridge/groove nanotopography (B,
bright-field image; C, scanning electron microscopy (SEM) image; D, AFM image). The
resident iPSCs-derived EBs showed a quick response to the phage matrix and exhibited a
significant morphological alteration over culture time (E, 6 h; F: 24 h; G, 48 h; H-J, 2
weeks). The fibroblast-like cells were first present at the cluster edge (E), and their number
increased after 24 h (F). Some fibroblast-like cells were detached from the cluster edge and
became slightly aligned along the phage bundles after 48 h (G). We also discovered that
these fibroblast-like cells were significantly elongated and aligned along the long axis of the
phage bundles constituting the phage matrix (H-J, red arrows showed the direction of cell
elongation along phage bundles). Cell nuclei and F-actin were stained by DAPI (blue) and
FITC-labeled phalloidin (green), respectively.
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Figure 3.
Differentiation of iPSCs-derived EBs on the phage matrix. The resident iPSCs-derived EBs

on the phage matrix with an ordered nanotopography showed two-step differentiation from
iPSCs to osteoblasts including mesenchymal differentiation (A, B, after 3 days) and the
subsequent osteoblastic differentiation (C-E, after 4 weeks). The cells were initially guided
to differentiate into mesenchymal progenitor cells (MPCs) induced by mesenchymal
differentiation medium and subsequently differentiated into osteoblasts by the induction of
the phage matrix in the absence of any osteogenic supplements. The specific mesenchymal
markers of CD44, CD90, and Sca-1 showed positive expression, whereas the CD45, a
hemopoietic marker as a negative control, exhibited a significant negative expression based
on the analysis of flow cytometry (A). The double staining of both pluripotent marker
(Oct3/4, Nanog) and mesenchymal markers (CD44, CD90, and Sca-1) further demonstrated
the mesenchymal differentiation (the mesenchymal markers stained by green fluorescence,
whereas the pluripotent markers stained by red fluorescence) (B). The ALP activity (C)
showed a significant increase in all of the phage matrices compared with the control (**, p <
0.01). Both real-time PCR (D) and immunofluorescence staining (E) confirmed that the
successful osteoblastic differentiation of MPCs was induced by the phage matrix according
to the formation of specific osteogenic makers of osteocalcin (OCN) and osteopontin (OPN)
at both gene and protein level. CON denoted control (poly-.-lysine substrates without
phage). WT, FN1, FN2, OGP, and BMP2 denote the phage matrix made of WT-phage, FN1-
phage, FN2-phage, OGP-phage, and BMP2-phage, respectively. OCN, OPN, and COL were
stained by rhodamine-labeled antibody (red), cell nuclei were stained by DAPI (blue), and
F-actin were stained by FITC-labeled phalloidin (green).
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Figure4.
Teratoma evaluation of iPSCs-derived osteoblasts (iPSCs-OBs). The animal test

demonstrated that the iPSCs-Ob did not induce obvious teratoma formation in vivo, whereas
pure iPSCs generated a large teratoma (around 3 cm in length) one month after both iPSCs-
Ob and iPSCs were separately injected into the nude mice (A, injection of iPSCs into live
nude mouse to generate a large visible teratoma; B, comparison of nude mice injected with
iPSCs-Ob and iPSCs; C, teratoma excised from the animal). Histological analysis further
demonstrated that the formed teratoma contained three embryonic germ layers including
ectoderm (D and E), mesoderm (F, G and H) and endoderm (I). D, Immature neural tissue,
ectoderm; E, Blood vessel tissue, ectoderm; F, Muscle-like tissue, mesoderm; G, Cartilage
tissue, mesoderm; H, Bone tissue, mesoderm, I, Intestinal track tissue, endoderm. The red
arrows in (A) and (B) showed the injection site.
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