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Periosteum-Mimetic Structures Made from Freestanding

Microgrooved Nanosheets

Xuetao Shi, Toshinori Fujie, Akihiro Saito, Shinji Takeoka, Ying Hou, Yiwei Shu,
Mingwei Chen, Hongkai Wu,* and Ali Khademhosseini*

Bone remodeling is a complex and well-orchestrated process
that requires the cooperation of various types of cells (e.g., osteo-
blasts, endothelial cells, and stem cells) from the bone marrow,
bone matrix, and periosteum.!!'. However, most tissue engi-
neering platforms for bone repair and regeneration neglect the
importance of the periosteum, which is a thin membrane that
encases the surfaces of most bones.l In adults, the periosteum
is in a quiescent state and only provides mechanical support to
tendons; however, the stem cells residing on the periosteum are
activated to form the osteoblasts necessary for reconstructing
injured bones.l The inner cellular layer of the periosteum plays
a key role in bone regeneration. Il It possesses an exquisite topo-
graphic surface that consists of longitudinally oriented cells and
collagen fibers.l These unique characteristics of the periosteum
harness and regulate cell arrangement, collagen fiber alignment,
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and the direction of bone development. The potential of the peri-
osteum regarding the growth modulation of bone has been veri-
fied in vitro and in vivo. The failure of the periosteum in patients
who suffer bone defects induced by tumor or trauma poses a
considerable challenge.l Creating an artificial scaffold that pre-
sents the conditions and morphology necessary to simulate the
native periosteum may be an ideal approach for these cases.

Due to the increasing awareness of the periosteunr’s impor-
tance, numerous recent studies have constructed tissue engi-
neered periosteum using collagen and hydrogels.l’) However,
most of these studies have neglected the hierarchical topo-
graphic surface of the periosteum, which is important for bone
elongation. Importantly, such artificial periosteum films cannot
effectively anchor to or integrate with bone scaffolds (e.g., auto-
grafts, allografts, and artificial porous scaffolds), which can
lead to serious complications during clinical interventions.
Inspired by the unique features of nanoscale materials, free-
standing polymeric ultrathin film (referred as “nanosheet”)
may be a promising candidate for generating artificial perios-
teum. Nanosheets are typically tens of nanometers in thickness
and several centimeters in surface area. Due to their ultrathin
structure, they have a number of desirable properties, such as
noncovalent adhesiveness, facile transferability, selective molec-
ular permeability, and excellent transparency.l®! These proper-
ties allow the nanosheets to be used in many applications,
such as nanosensors, wound dressings, and filtration mem-
branes.”l A nanosheet produced by a biodegradable polymer
has also attracted considerable interest in surgical applications.
Poly(lactic acid) nanosheets have been successfully developed
and clinically used in the treatment of burn wounds.®! Com-
pared with poly(lactic acid), poly(lactic-co-glycolic acid) (PLGA)
has improved biodegradability, which may facilitate the genera-
tion of material-free cell sheets.’!

The cells and extracellular matrix (ECM) in human tissues
and organs are organized in an exquisite and hierarchical
manner.'?) Micropatterning is a powerful technique to create
various motifs on flat and curved substrates.'Yl In addition to
its use in electronics, micropatterning has become an effective
approach to create miniaturized structures for constructing
functional tissue and fundamental research in cell biology.'!
By using micropatterning, different motifs have been gener-
ated on substrates, such as glass and poly(dimethylsiloxane)
(PDMS), and biopolymers, such as PLGA, to build two-dimen-
sional tissues (e.g., skin) and three-dimensional tissues (e.g.,
blood vessels and cardiac tissue).['3!

In this study, to recapitulate the organized microscale struc-
ture in periosteum, we used micropatterning to create topo-
graphic cues on the surface of PLGA nanosheets for regulating
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Figure 1. Generation of microgrooved PLGA nanosheets. a) A schematic for the fabrication of microgrooved PLGA nanosheets. b) Images of the PLGA
and PVA bilayer film and the microgrooved PLGA nanosheet. c) SEM images of PLGA nanosheets with different groove spacings (scale bars: 100 pm).
d) Thickness of flat part of PLGA nanosheets fabricated with different PLGA concentrations. e) The height of the microgrooved PLGA nanosheets with
different groove widths using a 10 mg/mL PLGA solution; and the groove spacing is 100(in red color), 50(in blue color), 30(in green color), and 20(in

purple color) pm.

cell and ECM arrangement in a manner similar to natural
periosteum. We propose that this freestanding nanosheet can
be stably anchored onto various tissue engineering scaffolds
for bone repair for the maintenance of topographical surface
morphologies. The development of periosteum biomimics
for tissue engineering applications may provide an innovative
strategy for bone regenerative therapies.

Freestanding PLGA nanosheets with microgrooved patterns
were fabricated using a facile procedure (Figure 1a). Initially,
PLGA nanosheets were prepared by spin coating 10 mg/mL
PLGA-dichloromethane solution on a PDMS negative replica
with microgrooved motifs. Then, a poly(vinyl alcohol) (PVA)
supporting layer was cast onto the PLGA nanosheet. The
microgrooved PLGA nanosheets supporting the PVA layer
were removed from the PDMS mold by tweezers and were then
placed into a PBS solution to dissolve the PVA layer (Figure 1b).
Finally, the freestanding PLGA nanosheets were transferred to
the surfaces of the proposed scaffolds.

PLGA nanosheets with microgrooved and pillar motifs
on their surfaces were successfully fabricated using the
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aforementioned method. The morphologies of the nanosheets
were imaged using a scanning electron microscope (SEM). As
shown in Figure 1c, the microscale structure inherited from the
PDMS replicate was printed onto the PLGA nanosheets with
well-resolved groove spacings of 30, 50 and 100 pm. However,
the PLGA nanosheet with a groove spacing of 20 pm was not
successfully produced. The microgroove spacing may have been
too small for this size, allowing increased fusion of the neigh-
boring grooves when the PDMS mold was peeled from the sur-
face of the nanosheet. Although the technique used in this work
is not suitable to fabricate nanosheets with small groove spac-
ings (less than 30 pm); a micropattern with a groove spacing
of 50 pm is enough for harnessing cell alignment. In addition,
we measured the height of the flat parts of the nanosheets
(Figure 1d). The height of the flat part of the nanosheets using
a 10 mg/mL PLGA solution is 84 nm. When we increased
the PLGA concentration, the height of the nanosheets sig-
nificantly increased. In contrast to the traditional groove-and-
ridge motifs, the ridge area of the achieved microgrooved
PLGA nanosheets also exhibited a smaller groove-and-ridge
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morphology (Figure le & Figure S1). For the PLGA nanosheets
with a groove spacing of 30 pm, the ridge heights varied sig-
nificantly due to sunken regions on some of the ridges. This
morphology can be observed in the SEM images. For the PLGA
nanosheets with groove spacings of 50 and 100 pm, the profiles
of the heights in the micropatterns exhibited two narrow peaks
instead of one flat peak, as in the PDMS replica. We postulate
that the middle of the ridge area sank and that the left and right
walls of the ridge were maintained. This phenomenon may be
due to the evaporation of dichloromethane and the residual
PLGA maintaining its groove-and-ridge morphology. There-
fore, the inside of the ridge area appears hollow, and the ridge
areas of the nanosheets with larger groove spacings sank more
easily as a result. This was verified by the SEM image of the
nanosheet with pillars. As shown in Figure S2, the pillars on
the PLGA nanosheet were hollow. This unique grooved-and-
ridge morphology facilitates cell residence. The cells can not
only be seeded onto the groove area but also propagate along
the sunken ridge area (Figure S3). However, the cells preferred
to reside in the groove area for the typical grooved-and-ridge
morphology.

An interesting aspect of nanosheet is its noncovalent adhe-
siveness onto different substrates. Flat nanosheets have previ-
ously been demonstrated to adhere to the surface of substrates,
such as Petri dishes and skin.'*% Their noncovalent adhesive-
ness is exhibited by decreasing film thickness less than 200 nm
due to the increment of film flexibility.”"! Therefore, such a
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.
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~
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Mk
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flexible nanosheet with physical adhesiveness can be patched
for the surface modification like a “sticker”. We used bone to
investigate the adhesiveness and stability of microgrooved
PLGA nanosheets in pursuit of two main purposes. First, flat
nanosheets have been verified to stick tightly to dry surfaces.
For tissue engineering applications, this unique property
should also work in a hydrous milieu (e.g., live bone). Second,
although many artificial bone scaffolds have been developed,
autograft bone is considered the golden standard and remains
the safest and fastest clinical intervention for bone repair.'”!
Therefore, investigating the interplay between pseudo-perios-
teum (microgrooved PLGA nanosheet) and bone is a worth-
while avenue of research. Herein, we covered a chicken humeral
bone with a microgrooved PLGA nanosheet (Figure 2a and 2b).
After 14 days of incubation in PBS solution, the microgrooved
PLGA nanosheet remained tightly adhered to the bone surface
without significant deformation, which is beneficial in regu-
lating cell propagation and cell arrangement on the nanosheet
(Figure 2c). The periosteum tightly covers the surface of bone.?
The results verified that the developed nanosheet can simulate
this property. In addition to simulating pristine periosteum,
the noncovalent adhesion between the nanosheets and their
substrates could facilitate applications in the clinic because the
orthopedist would know that the thin nanosheets can withstand
implants that are used for bone repair, such as autografts or
scaffolds. By using microscratching test,”"! we also investigated
the physical adhesiveness of nanosheets of different PLGA

b
Bone

| =3

iosteum

F Stem cells

. P<0.05

10 15 20 30
PLGA concentration (mg/mL)

Figure 2. Physical adhesiveness of periosteum-like microgrooved PLGA nanosheets on bone. a) SEM and optical images of periosteum derived from
the humerus of chicken (scale bars: 100 ym). b) A schematic of the morphology of periosteum and cell arrangement on periosteum. c) Images of
microgrooved PLGA nanosheets adhered on the surfaces of bones before and after incubation in PBS solution for 14 days (scale bars: 500 pm). d) The
physical adhesiveness of PLGA nanosheets fabricated from different PLGA concentrations.
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Figure 3. Microgrooved PLGA nanosheets adhered to various tissue engineering scaffolds. a) Images of microgrooved PLGA nanosheet-covering scaf-
folds (red fluorescent displays rhodamine-labelled PLGA nanosheets). b) The cell alignments on PLGA nanosheets with different groove widths and

flat PLGA nanosheets (Random) after 3 days of culture (scale bars: 100 pm).

c) Images of cells on PLGA nanosheets with different groove widths after

1 day of culture using LIVE/DEAD staining (scale bars: 100 pm). d) The alignment of type | collagen secreted by cells cultured on flat PLGA nanosheets
(Random) and microgrooved PLGA nanosheets after 7 days of culture (the groove width is 50 pm; scale bars: 50 ym).

concentrations to SiO, substrates (Figures 2d and S4). The ability
of nanosheets to resist scratch loads decreased with increasing
PLGA concentration. The nanosheet obtained using a 10 mg/mL
PLGA solution resisted significantly higher critical scratch load
compared to the other groups, indicating the highest adhesive-
ness. When we decreased the PLGA concentration to 5 mg/ml,
dispersed ribbons were generated inside the microgrooved
nanosheet due to its extremely thin thickness in the grooved
area. Therefore, we used the nanosheet fabricated by a 10 mg/mL
PLGA solution for cell evaluation.

Next, microgrooved PLGA nanosheets were transferred onto
common bone tissue engineering scaffolds and bone implants,
including a macroporous hydroxyapatite/-tricalciumphosphate
(HA/B-TCP, the average pore size was 200-400 pm and the
average porosity was 83%) scaffold, microporous 3-TCP scaffold
(pore size was less than 20 pm), and titanium block (Figures 3a
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and S5). The microgrooved PLGA nanosheets firmly adhered
to the surface of these scaffolds. Interestingly, similar to the
nanosheet on bone, the nanosheets on these scaffolds were
difficult to detach after they dried, even after being immersed
in culture media. To observe the surface morphology of the
nanosheet-covered scaffolds, we mixed rhodamine B with the
PLGA solution during the fabrication of the nanosheets. The
fluorescence images illustrate that the groove-and-ridge mor-
phology was well maintained on the surfaces of the different
scaffolds.

It has been long assumed that microgrooved patterns could
harness the osteogenic differentiation of stem cells.') Many
techniques have been developed to create a topographic sur-
face on various materials. Microcontact printing techniques
have been used to functionalize the surfaces of flat titanium
and hydroxyapatite block with cell adhesive proteins and ECM.
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Micropatterns and nanopatterns with grooved structures
have been created by high-temperature casting and chemical
etching.l'”l However, the stability of the micropatterns and the
complicated process limited their applications in bone repair.
In addition, most of these methods could not create grooved
surfaces on microporous scaffolds. Our results suggest that the
nanosheets can overcome all of the aforementioned limitations
and could thus be an excellent tool to create topographic motifs
on various surfaces to control the behavior of cells.

We investigated the effect of PLGA nanosheets adhered to
titanium blocks on cell morphology using human adipose-
derived mesenchymal stem cells (ADMSCs). These cells were
selected due to their rapid proliferation and because their har-
vesting requires minimally invasive techniques (Figures 3b—c,
S6, and S7)."81 To promote cell attachment, we treated the
surface with a 50 pg/ml fibronectin solution. After one and
three days of culture, we observed that the cells on the tita-
nium blocks covered by nanosheets with 50 and 100 pm groove
spacings, respectively, were oriented in a direction parallel
with the channels. Interestingly, the F-actin of the cells on the
microgrooved nanosheet also assembled in an orientation that
reflected the elongated cell shape (Figures 3b and S7). In con-
trast, the cells on the flat PLGA nanosheets exhibited a random
arrangement. Similarly, the F-actin of these cells exhibited
slightly tangled assemblies. The stress fibers in a elongated cell
typically induce nuclear shape remodeling.’”! Therefore, the
nuclei of the oriented cells also exhibited a preferential orienta-
tion.[2% The cell alignment was quantified by investigating the
alignment of the cell nuclei (Figure 3b and S7). The cells were
regarded as aligned if their nuclei were oriented within 10° of
the direction of the grooves. Consistent with the F-actin and
LIVE/DEAD staining images, the nuclei of cells on the micro-
grooved nanosheets indicated significant alignment. Approxi-
mately 41% and 29% of the nuclei on the nanosheets with the
50 and 100 pm groove spacings, respectively, were aligned,
whereas only 12% of the cell nuclei on the flat nanosheet were
oriented in the vertical direction. Our results agree with pre-
vious reports that channels with narrow widths would be ben-
eficial to cell alignment.?!l Intriguingly, after 7 days of culture,
type I collagen (the most abundant ECM in the periosteum and
bone) was detectable by immunofluorescence (Figure 3d).?
Type I collagen secreted by cells on the microgrooved nanosheet
also displayed remarkably alignment. This interesting structure
is similar to ECM in natural periostea that are highly longitu-
dinally oriented. Previous studies confirmed that the orienta-
tion of the ECM in the periosteum has an important role in
directing bone growth.”l Therefore, our results suggest that
microgrooved nanosheets could be a promising tool for devel-
oping artificial periosteum.

Encouraged by these findings, we further evaluated the
osteogenic differentiation of stem cells on the titanium blocks
covered by nanosheets with 50 pm groove spacings due to
their ability to regulate cell orientation. A flat PLGA nanosheet-
covering titanium block and bare titanium block were used
as controls. We used a conventional osteogenic medium plus
1 pg/ml recombinant human bone morphogenetic protein (rh-
BMP-2) to induce the osteogenic differentiation of ADMSCs
on the nanosheets because BMP-2 is a key signal in perios-
teum-involved osteogenesis. After 14 days of culture, four

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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important osteogenic markers (Runx2/Cbfa-1, SPARC, osteo-
calcin, and type I collagen) were assessed by immunofluores-
cence (Figure 4a). Compared to the controls, the cells on the
microgrooved nanosheet-covering titanium block expressed
higher levels of Runx/Cbfa-1 (an early osteogenic marker that
binds specific DNA sequences that activate the development of
stem cells into preosteoblasts) and SPARC (also termed osteo-
pontin, an important protein for regulating bone mineraliza-
tion and bone remodeling).?!l To test the osteogenic commit-
ment of stem cells on the microgrooved nanosheet-covering
titanium block, we isolated RNA from the cells after 7 and
14 days of differentiation. Quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) was used to amplify the
expressed transcripts from the osteogenic genes (ALP, Runx2/
Cbfa-1, type I collagen, and osteocalcin) (Figure 4b). Although
the cells on the bare titanium blocks expressed significantly
stronger ALP (an early osteogenic marker) and osteocalcin (the
most typical marker for last-stage osteogenesis and an impor-
tant factor for mineralization) on Day 7, a low level of gene
expression was observed in all of the groups, indicating weak
osteogenic differentiation. The expression of osteogenic genes
increased remarkably after 14 days of culture. The cells on the
microgrooved nanosheet-covering titanium block exhibited
significantly higher osteogenic commitment due to the strong
expression of Runx2/Cbfa-1, type I collagen (the main template
for mineralization and the most abundant protein in bone),
and osteocalcin, indicating that the biomimic microgrooved
nanosheets can effectively regulate the osteogenesis of cells in
a manner similar to natural periosteum.??l Recent studies have
provided valuable insights into topographic cues, such as nano-
and microgrooves, that effectively guide and promote the osteo-
genesis of osteoblasts and stem cells.[?’]

The observed osteogenesis of the cells was attributed to the
substrates with microgrooved motifs properly orienting the
collagen filaments. Thus, our results suggest that the micro-
grooved PLGA nanosheet directed not only cellular alignment
but also protein and gene expression levels, which is an ideal
mimic of the periosteum-like microenvironment. We believe
that in the clinical setting, microgrooved nanosheets will ini-
tially enhance the cellular organization and subsequently
degraded after one month (Figure S8). During long period of
culture of cells on microgrooved nanosheet-covering titanium
blocks, microgrooved cell sheets can be generated on the tita-
nium blocks with the degradation of PLGA nanosheets.

The stem cell laden-PLGA microgrooved nanosheets can be
involved in current bone healing strategies.l®l For instance, we
can cover them onto allograft bone or various artificial scaffolds
or implants (e.g., titanium alloy, bioceramic porous scaffolds)
that are no feasible periosteum remaining.’! Additionally, the
stem cell laden-microgrooved nanosheets also can be used as
pseudo periostea for adult autograft bone implantation, due to
the decreased osteogenic potential of periosteum with age.l”!

In summary, we developed flexible “sticker-like” PLGA
nanosheets with various motifs by a combination of spin
coating and micropatterning. We used PLGA nanosheets with
grooved micropatterns to simulate natural periosteum for bone
repair therapies. The microgrooved nanosheets can be adhered
onto various scaffolds and implants with a high stability and
adhesiveness in aqueous conditions. This unique property

Adv. Mater. 2014, 26, 3290-3296
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Figure 4. Osteogenesis of stem cells cultured on microgrooved PLGA nanosheet-covering titanium blocks, flat PLGA nanosheets-covering titanium
blocks, and bare titanium blocks for 14 days. a) Immunofluorescent (nuclei were stained with DAPI) and calcium staining (scale bars: 50 pm) of stem
cells cultured on microgrooved PLGA nanosheet-covering titanium blocks, flat PLGA nanosheets-covering titanium blocks, and bare titanium blocks
for 14 days . b) Gene expression of stem cells cultured on microgrooved PLGA nanosheet-covering titanium blocks, flat PLGA nanosheets-covering
titanium blocks, and bare titanium blocks for 14 days. & indicates statistical significance when compared with cells on the titanium block at 95% con-
fidence level. * indicates statistical significance when compared with cells on the microgrooved nanosheet-covering titanium block at 95% confidence
level. The housekeeping gene B-actin was used as internal control for gene expression normalization.

allows the cell-laden nanosheet to remain fastened onto various  regulate the cell alignment of the stem cells cultured on them.

bone implants during in vitro culturing and in vivo implanta-  Titanium blocks covered with microgrooved nanosheets were
tion. In addition, the microgrooved nanosheets can effectively  used to investigate the osteogenesis of stem cells. The results
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suggest that the microgrooved nanosheet-covering titanium
blocks effectively promote the expression of certain important
osteogenic markers of the cultured stem cells. These unique
features enable microgrooved “sticker-like” PLGA nanosheets
to serve as stable and biomimic templates for the generation
of artificial periostea for bone repair purposes and biological
studies.
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