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ABSTRACT: Plant-derived cellulose scaffolds constitute a highly viable and interesting
biomaterial. They retain a high flexibility in shape and structure, present the ability to tune
surface biochemistry, display a high degree of biocompatibility, exhibit vascularization, and are
widely available and easily produced. What is also immediately clear is that pre-existing
cellulose structures in plants can also provide candidates for specific tissue engineering
applications. Here, we report a new preparation and fabrication approach for producing large
scale scaffolds with customizable macroscopic structures that support cell attachment and
invasion both in vitro and in vivo. This new fabrication method significantly improves cell
attachment compared to that in our previous work. Moreover, the materials remain highly
biocompatible and retain vascularization properties in vivo. We present proof-of-concept
studies that demonstrate how hydrogels can be temporarily or permanently cast onto the
macroscopic scaffolds to create composite plant-derived cellulose biomaterials. This inverse
molding approach allows us to provide temporary or permanent biochemical cues to invading
cells in vitro. The development of a new-generation of rapidly and efficiently produced
composite plant-derived biomaterials provides an important proof that such biomaterials have the potential for numerous
applications in tissue engineering.
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■ INTRODUCTION

Designing biomaterials that support cell growth and function is
essential for tissue engineering and regenerative medicine. As
such, biomaterials are often designed to be intricate constructs
with tunable structural, chemical, and mechanical properties.1

Moreover, substantial research has focused on developing 3D
biomaterials that resemble the complex in vivo cellular
microenvironment.2

Biomaterials typically consist of two main classes: synthetic
and naturally derived scaffolds.3,4 The synthetic biomaterials are
often constructed with the use of synthetic polymers that mimic
structural characteristics of the extracellular matrix (ECM),
sometimes even functionalized with ECM proteins.5 On the
other hand, naturally derived scaffolds involve repurposing
existing biological materials and structures.6 Natural biomate-
rials can often be acquired using decellularization techniques.7

Decellularization refers to the process of removing the existing
cellular structures while leaving behind an intact ECM.8 The
remaining ECM is then used as a 3D biocompatible scaffold.9

For many years there has been a significant interest in
synthetic, bacterial, and plant-derived cellulose as a potential
biomaterial for tissue engineering applications.10−27 Cellulose is
widely available in many forms and easily incorporated into

composite materials. It is now well established that bacterial
and synthetic cellulose can act as scaffolds in a variety of tissue
engineering applications, both in vitro and in vivo.28−30

Importantly, synthetic/bacterial cellulose is often molded or
cast into a desired shape, and requires synthesis or cell culture
protocols to produce scaffolds.31 On the other hand, the pre-
existing structures of plant-derived cellulose scaffolds can be
exploited directly with minimal processing and expense.32,33

Several years ago, we demonstrated that native plant tissue
can be decellularized, and the remaining cellulose scaffold can
be used as a suitable platform for in vitro mammalian cell
culture and also as an implantable in vivo biomaterial.32,33 Our
work32,33 and recent studies34,35 have shown that a multitude of
plant-derived cellulose scaffolds are suitable in vitro. The choice
of the specific plant depends on the chemical, physical, and
mechanical properties of the plant and the intended
application.32−35 Although not necessary for in vitro cell
growth, biofunctionalizations of the plant-derived cellulose
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scaffolds have also been employed as steps in preparing
cellulose scaffolds as we and others have shown.32,34,35 In
addition, the similarities between the vascular structures of
plants and animal tissues have been exploited via perfusion-
based decellularization.35 However, as shown previously, the
need for a pre-existing vascular template is not a requirement
for the vascularization of plant-derived cellulose biomaterials in
vivo. In fact, we showed that decellularized, yet otherwise
unmodified, plant cellulose is biocompatible and pro-angiogenic
in vivo.33 In this case,33 vascularization occurs in the highly
amorphous and porous plant-derived cellulose scaffolds without
any necessary functionalization or dependence on pre-existing
vascular structures.
Extending our previous work, we report here a new

preparation and fabrication approach for producing large
scale scaffolds with predefined structures and improved cell
attachment and invasion, both in vitro and in vivo. Specifically,
we demonstrate that apple-derived scaffold biomaterials can be
hand- or machine-cut into desired shapes as opposed to
approaches that might rely on the use of 3D printing, molding,
or casting.7,8 We also present proof-of-principle studies that
demonstrate how hydrogels can be temporarily or permanently
cast onto the macroscopic scaffolds. Similar approaches have
been employed in tissue engineering;36,37 however, to our
knowledge, this is first time they have been used in
combination with decellularized plant scaffolds. These “inverse
molding” approaches allowed us to provide temporary or
permanent biochemical cues to invading cells in vitro.
Moving beyond simple in vitro studies of plant-derived

cellulose scaffolds, we also demonstrate that these biomaterials
maintain their ability to become vascularized in vivo while
improving cell invasion as compared to our previous in vivo
study.33 We show that these plant-derived cellulose scaffolds
continue to display high biocompatibility in vitro and in vivo,
with cell invasion occurring much more rapidly and
completely.33 Using decellularized cellulose scaffolds as
biomaterials is a promising approach because of their
availability, versatility, and ease of use.32−35 What is also
immediately clear is that pre-existing cellulose structures in
plants can also provide candidates for specific tissue engineer-
ing applications.
The results of this study and our previous work32,33 suggest

cellulose scaffolds constitute a highly viable and interesting
biomaterial. Specifically, they tend to overcome many of the
complications that often arise with other traditional bio-
materials while also retaining a high flexibility in shape and
structure, presenting the ability to tune surface biochemistry,
displaying a high degree of biocompatibility, exhibiting
vascularization, and being widely available and easily produced.
This is the first time that this new-generation of plant-derived
biomaterial has been combined with hydrogels. These
composite cellulose-based biomaterials provide a very impor-
tant proof that such a platform can potentially be applied to
many tissue engineering applications. The new fabrication
process reported here is simple and supports high cell growth.
Moreover, the processes and protocols described in our study,
really open up dramatic new possibilities for biomaterial
engineering with respect to the large size and geometric
complexity that are now attainable. The biomaterials we
describe are simply produced by hand or even on a
computerized numerical control (CNC) machine within
minutes without molding, complex chemistry, or restrictions
to small sizes. The materials for these composites are easily and

cheaply sourced, biocompatible in vitro, and once implanted,
are biocompatible and display clear vascularization. No special
coatings or functionalization is required, and all studies were
conducted in immune-competent animals. This study contrib-
utes many significant advantages to the field and opens up new
possibilities for existing hydrogels and biopolymers to be used
in combination with plant-derived cellulose biomaterials.

■ RESULTS
Improving Cell Attachment on Minimally Processed

Plant-Derived Cellulose Scaffolds. Decellularization with
the surfactant sodium dodecyl sulfate (SDS) was used to obtain
3D cellulose scaffolds void of any native apple cells or nucleic
acids.32,33 With smaller scaffolds (as used previously32,33), the
concentration of SDS required was low; however, larger objects
require higher concentrations of SDS to undergo complete
decellularization.2,6,7,34,35 We found that the removal of all
remaining SDS at higher concentration very time-consuming
through washing alone. Here, a Ca2+ salt buffer was added to
induce phase separation of the detergent due to a change in
cloud point. This was carried out after washing steps to further
remove any residual SDS.38 However, due to the need of a
sufficiently high salt concentration to stimulate micelle
formation,39 a salt residue does form on the cellulose surfaces
(Figure 1A). The resulting salt residue was then removed by
incubating the scaffold in dH2O (Figure1 B), though several
other techniques were found to be effective, such as incubation
with acetic acid or DMSO or through sonication (data not
shown). A significantly increased number of cells was found to
attach to the scaffolds after treatment as compared to the
control (Figures 1C and D). Two days after the cells were
seeded onto the biomaterial, cell density was quantified with
the use of the CCK-8 cell counting kit (Figure 1E). A
significantly greater number of cells were found attached to the
treated scaffolds (3.7 × 101 ± 2.9 cells/mm3) compared to that
found on the controls (2.6 × 101 ± 2.5 cells/mm3) (P = 1.8 ×
10−2, N = 5). We also showed that when preparing small
biomaterial constructs, the remnant SDS can alternatively be
removed with extensive washing without using the salt
pretreatment, and a comparable viable cell attachment can be
achieved; this method is time-consuming and ineffective with
larger samples (Supporting Information Figure S1) (P = 9.2 ×
10−1, N = 4).

Construction of Macroscopic Cellulose Scaffolds and
Surface Modification. Here, we show how decellularized
cellulose can be further processed by cutting them into
macroscopic ring shapes from bulk hypanthium tissue (Figure
2). Many studies produce large scaffolds utilizing gel casting or
3D printing techniques.36 Here, as a proof-of-concept, we
created ring shaped scaffolds (Figure 2). A ring was chosen
simply as a model of a complex feature that would typically be
created through other techniques. Of course, a broad array of
desired shapes can conceivably be created (Supporting
Information Figure S2). Although the ring was chosen only
as a proof-of-concept structure, this shape has complex
properties that are of significant biological relevance. The ring
contains two flat faces, two curved surfaces, two radii of
curvature, four sharp edges connecting each face to the curved
surfaces, and a porous 3D interior (Figure 2).
First an apple was sliced into thin (1.2 mm sections) using a

mandolin slicer (Figure 2A). A 5 mm diameter disk with a 1.2
mm thickness was then carved out of the slice using a 5 mm
biopsy punch. To complete the ring, a 2 mm biopsy punch was
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used to remove a 2 mm disk from the center of the 5 mm disk
(Figure 2B). After fabrication, the samples were transferred to a
0.1% SDS solution and decellularized as described above for 48
h while being shaken at 180 rpm (Figure 2C). A distinct change
in transparency was observed during decellularization.
C2C12 mouse myoblast cells were seeded onto the scaffolds,

and the cells were allowed to proliferate and invade the
structure for 2 weeks (Figure 2D and Figure 3). After 2 weeks,
the rings were found to be completely invaded by cells (Figure
3). We note that at this stage, no deliberate surface
functionalization has been required to achieve these results as
opposed to other studies.34,35 These results demonstrate that
complex 3D cellular constructs can be simply produced in
plant-derived cellulose scaffolds.
The ring scaffolds also present another potential use in tissue

engineering applications. We now show that hydrogels can be
cast onto the macroscopic structure, after which the gel
assumes the shape of the scaffold itself as opposed to the
traditional approach of casting hydrogels into molds.29,40,41 In
this inverse molding scenario, we chose to cast a gelatin or
collagen hydrogel onto the scaffolds simply to demonstrate
feasibility (Figure 3). In the case of gelatin hydrogels, a 10%
(m/v) gelatin solution in Dulbecco’s modified Eagle’s medium

Figure 1. CaCl2 pretreatment. A CaCl2 pretreatment was used to
remove remnant surfactant from the scaffold. (A) The salt/micelles
crash out of solution onto the scaffold. (B) Removal of the salt residue.
(C) C2C12 myoblasts cultured on the scaffold without the CaCl2
pretreatment. (D) C2C12 myoblasts cultured on the scaffold with the
CaCl2 pretreatment. (E) CCK-8 quantification of cell density shows an
increased number of viable cells attached to the SDS + salt treated
scaffolds (3.7 × 101 ± 2.9 cells/mm3) compared to SDS alone (2.6 ×
101 ± 2.5 cells/mm3) (P = 1.8 × 10−2, N = 5) after 2 days of culture.
All values are mean ± SEM. Scale = 200 μm.

Figure 2. Schematic of biomaterial preparation. (A) The apple was cut
and sliced on a Mandolin slicer. (B) A 5 mm biopsy punch was used to
cut out a disk from the apple slice; a 2 mm biopsy punch was used to
cut out a disk from the 5 mm disk to make the ring. (C) The ring was
decellularized in 0.1% SDS for 48 h, washed, incubated with salt buffer
for 24 h, and washed and sterilized. (D) Seeding the scaffold with cells
in media, gelatin, and collagen.

Figure 3. Ring structures with temporary and permanent hydrogels.
C2C12 myoblasts were grown on the ring scaffolds for 2 weeks after
being seeded with culture media (A), gelatin (B), and collagen (C and
D). The scaffolds were stained for the nuclei (blue), cell membrane
(green), and cellulose (red), and imaged using confocal microscopy.
The permanent collagen hydrogel created a compacted collagen
suspension over the ring-hole (C and D). It should be noted that the
collagen gel suspended over the ring-hole contained cells as well. Scale
= 1000 μm.
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(DMEM) was first prepared. Gelatin has a melting temperature
of 32 °C;42 therefore, the gelatin solution was kept at 37 °C to
remain in its liquid state until the cells were introduced into the
solution and the gelatin-cell suspension was cast around the
cellulose ring (Figure 2D). The gelatin solution then cooled
below its melting temperature and was left to gel for 15 min at
room temperature. Here, the hydrogel containing the cells was
left on the scaffold in its gelled state for a further 45 min.
Following this period, the sample was immersed in culture
media and placed in the incubator at 37 °C and 5% CO2. Once
above the melting temperature, the gelatin gel slowly diffuses
out of the scaffold while the cells remain on the biomaterial
(Figure 3B). In this temporary inverse molding scenario, the
cells are temporarily exposed to a distinct biochemical cue
during the attachment process.
Conversely, the cellulose scaffold can also act as an inverse

mold for permanent gels. Cellulose rings were covered in a 1.5
mg/mL collagen solution containing cells in a method very
similar to the gelatin scenario (Figure 2D). The collagen
solution rapidly polymerizes and forms a permanent gel
containing the biomaterial and the cells. After 15 min of
incubation at room temperature, culture media was added to
the collagen coated cellulose ring. The sample was then placed
in the incubator at 37 °C and 5% CO2. After incubation, the
collagen gel was not observed to melt (as expected) and was
also found to fill the hole in the ring as a compacted structure
(Figures 3C and D). This creates a composite biomaterial in
which cells are found in two distinct regions: in the cellulose
and collagen ring or in the collagen gel suspended in the ring-
hole.
Cell Invasion and Proliferation. The CCK-8 assay was

used to quantify and compare the initial attachment of the cells
(one day postseeding) on the scaffolds with the temporary and
permanent hydrogels. It was found that a significantly greater
population of viable cells remained in the biomaterial used in
combination with the permanent hydrogel (Figure 4) (P = 1.2
× 10−3 and P = 1.1 × 10−2 for the collagen compared to the
control and gelatin samples respectively, N = 4). The CCK-8
cell counting kit is a powerful assay used to measure cell
proliferation and viability; however, there is a maximum
number of cells that can be detected. After two weeks of cell
growth, the number of cells on the biomaterial exceeded the
detection limit of the CCK-8 assay. As a result, the live:dead
cell ratio was calculated to further assess the biocompatibility of
the cellulose-based biomaterials (N = 3 scaffolds for each
condition). After 2 weeks, no statistically significant difference
in the ratio of live:dead cells was observed (Figure 4) (P > 0.05,
N = 6 images for each condition), and the spatial distribution of
the live and dead cells were uniform for the limit of detection.
In addition to assessing the in vitro biocompatibility, the

mechanical properties of the biomaterial were also investigated
(Supporting Information Figure S3). Employing bulk com-
pression testing, the Young’s moduli of the scaffolds were
measured after two weeks of culture using a custom-built
device. The Young’s modulus of the scaffolds without the CaCl2
treatment (8.0 ± 1.7 kPa) was significantly lower than that of
the treated samples (1.7 × 101 ± 1.1 kPa) (P = 4.9 × 10−2, no
CaCl2: N = 5, CaCl2: N = 6). Moreover, although the addition
of the hydrogels did increase the moduli, they were not
significantly different from the CaCl2-treated scaffolds (1.5 ×
101 ± 3.6 kPa, 2.3 × 101 ± 1.7 kPa, gelatin and collagen
respectively, P > 0.05, N = 6). Importantly, the mechanical

properties of all the scaffolds fall well within the range of native
animal tissues such as muscle.44,45

Confocal laser scanning microscopy was used to image the
top and bottom of the scaffolds after cells were allowed to
proliferate for 2 weeks (N = 6 scaffolds for each condition).
Both sides of the ring were imaged to confirm that cell invasion
was similar on both faces, revealing complete penetration.
Figures 5A−C shows the XY and ZY projections of the cells on
the cellulose biomaterial. The nuclei of the cells were found
along the cellulose cell walls. Orthogonal views of confocal
scans reveal that the cells invaded the scaffold to the limit of
detection (∼300 μm imaging depth). To assess how well cells
penetrated the entire 1.2 mm thickness of the biomaterial, the
scaffolds were also cut perpendicular to the ring diameter
(Figure 5D), and the cross-sectional areas of the rings were
imaged (N = 3) (Figures 5E−G). Confocal imaging for cell

Figure 4. Initial cell attachment and viability. (A) The initial
attachment of the cells one day postseeding was quantified using
CCK-8. A significantly greater initial cell density was obtained with the
permanent collagen hydrogel (P = 1.2 × 10−3 and P = 1.1 × 10−2 for
the collagen compared to that obtained with the control and gelatin
samples, respectively, N = 4). (B) The cells on the biomaterials were
stained after 2 weeks of culture with Hoechst 33342 (stains all cell
nuclei) and propidium iodide (stains only dead cell nuclei) and were
imaged with confocal microscopy to assess cell viability (N = 3
scaffolds for each condition). Scale = 200 μm. (C) No statistically
significant difference in the ratio of live:dead cells was observed (P >
0.05, N = 6 images for each condition).
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invasion and proliferation revealed similar cell density under all
conditions reported above. Quantification of confocal data
allowed the number of cells in randomly selected 2.7 × 107 μm3

volumes to be calculated. We observed no statistical differences
in cell numbers under any of the three ring fabrication
conditions (P > 0.05, N = 12 images for each condition)
(Supporting Information Figure S4). Importantly, temporary
and permanent inverse molding does not appear to impair cell
proliferation after two weeks of culture when compared to bare
scaffolds. However, it should also be noted that C2C12
myoblasts deposit their own ECM when cultured on 3D
scaffolds.43 Consequently, the three different techniques (bare
scaffold, temporary gelatin functionalization, and permanent
collagen functionalization) can be used interchangeably without
affecting cell invasion and proliferation in the scaffolds with the
particular size and geometry used in this study, all while
exposing cells to three distinct biochemical cues. The result of
this proof-of-concept study is that the decellularized cellulose
biomaterials can be used in combination with temporary and
permanent inverse molding hydrogel techniques. Naturally, this
concept is not restricted to gelatin and collagen: a wide variety
of temporary and permanent biochemical cues can be supplied
through the use of other polymers, proteins, and biomolecules.
The use of specific proteins will of course depend on the goals
and interests of individual investigators who might employ this
approach.

Total cell growth after two weeks was not statistically
different under the three conditions described here. As a result,
the two week time period was sufficient for full invasion of the
biomaterials used in this study. However, when compared to
our original protocol,32 a drastic improvement in the cell
invasion and proliferation is apparent. After 2 weeks, the
samples with the calcium chloride incubation purification
process (1.5 × 102 ± 8.2 cells) showed comparable cell invasion
(P = 3.4 × 10−1, N = 3) to that of our previous study after 12
weeks (1.8 × 102 ± 2.3 × 101 cells) despite the greater cell
density seeding used in our previous study.

In Vivo Biocompatibility of Subcutaneously Im-
planted Scaffolds. We next sought to confirm that the
addition of the salt treatment to our protocol did not create any
negative impact in vivo, however unlikely.33 Although we have
shown that the scaffolds support cell growth in vitro, a true test
of biocompatibility requires an in vivo study. Here, we
subcutaneously implanted salt treated plant-derived cellulose
scaffolds under the skin of wild-type mice (N = 8 mice with two
5 × 5 × 1.2 mm scaffolds implanted per mouse). As with our
original subcutaneous study which employed a different
decellularization protocol,33 here there were no cases of mice
exhibiting behavior indicative of pain induced by the cellulose
scaffold throughout the study. The cellulose constructs were
then resected after four weeks. Histological analysis was used to
investigate the cell infiltration, proliferation, collagen deposi-
tion, and angiogenesis. Importantly, four weeks postimplanta-
tion, healthy tissue can be observed surrounding the cellulose
scaffold. Moreover, significant cell infiltration into the scaffold is
readily apparent (Figure 6). In fact, the inclusion of a CaCl2
buffer in our preparation promoted greater cell proliferation
and invasion compared to our previous report.33 The scaffolds
also displayed vascularization, which is reflected in a number of
clearly visible blood vessels (with blood cells) in the Masson’s
Trichrome images (Figures 6A−C). We further confirmed
vascularization with CD-31 staining for endothelial cells

Figure 5. Cell invasion and proliferation. (A−C) XY and XZ maximum
projection confocal images of C2C12 myoblasts on the ring scaffolds.
C2C12 myoblasts were grown on the ring scaffolds for two weeks after
being seeded with culture media (A), gelatin (B), and collagen (C).
(D) The rings were cut with a razor blade to expose the cross-sectional
areas. (E−G) Cross-sectional areas XZ and XY maximum projections
of confocal images of the control (E), gelatin (F), and collagen (G)
biomaterials. Blue = nuclei, red = cellulose. Scale = 50 μm.

Figure 6. In vivo biocompatibility of CaCl2 treated samples. Cross-
sectional images of decellularized apples treated with CaCl2
subcutaneously implanted into mice for four weeks. Samples were
stained with Masson’s Trichrome (A−C) and CD 31 (D−F). Scale for
A and D = 1000 μm. Scale for B and E = 100 μm. Scale for C and F =
25 μm.
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(Figures 6D−F). It is important to recognize that vasculariza-
tion was able to occur even in the absence of any templating
physical structures or need for biochemical functionalization of
the cellulose scaffolds with pro-angiogenic factors. These results
confirm the biocompatibility of salt treated plant-derived
cellulose scaffolds and indicate their applicability as a possible
platform for tissue-engineering applications. While we explored
the use of inverse molding techniques for hydrogels, gelatin and
collagen functionalization were only employed as a proof-of-
concept rather than an end-product or application of these
materials. Ultimately, investigators will have to assess the in
vitro and in vivo biocompatibility of any cellulose scaffold
functionalized with their target biomolecules in a manner as
described above.

■ DISCUSSION
The use of cellulose scaffolds as biomaterials has many
advantages such as low cost, ease of production, biocompat-
ibility, functionalization, tunable mechanical properties, and
successful subdermal implantation within relatively static
tissues. In recent years, there have been major advances in
3D cell culture and scaffolding techniques that aim to capture
the complexity of the in vivo microenvironment.46,47 Numerous
methods have now been developed for the production of
biomaterial scaffolds for tissue engineering and regenerative
medicine applications, each with their own benefits and
drawbacks.46,47 In general, biomaterial scaffolds should provide
structural support, promote cell invasion and proliferation,
prevent or minimize severe immune responses, and be pro-
angiogenic and induce vascularization of the scaffold to support
cellular function.
Several years ago, we pioneered the production of

biomaterials derived directly from plants and proved the
efficacy both in vitro and in vivo.32,33 This early work has now
inspired other recent studies.34,35 Biomaterials derived directly
from plants carry several interesting advantages, including
straightforward production methods, widespread availability of
material, and the potential for utilizing pre-existing micro-
structures within plant tissues.32,33 Moreover, we showed that
the cellulose-based biomaterials remain stable in vivo.33 Taken
together, it is now clear that many cell types will attach and
proliferate on plant-derived cellulose scaffolds. In recent work,
the contraction of a small group of cardiac cells was examined
on leaf cellulose scaffolds.35 However, it was clear from the
study that the scaffolds appeared unable to support complete
invasion and proliferation. As revealed in the same study, the
contractile dynamics of cardiac cells were impaired on cellulose
scaffolds as compared to those on traditional substrates and
biomaterials.35,48,49 These results point to the need for robust
strategies for the preparation of plant-derived cellulose scaffolds
that are optimized for a high degree of cellular invasion and
proliferation both in vitro and in vivo.
Here, we present a preparation and fabrication approach for

producing highly novel macroscopic plant-derived cellulose
scaffolds with predefined structures. For the first time, we
demonstrate that this new-generation of plant-derived bio-
materials can be combined with hydrogels. Consequently, this
study establishes a platform that can potentially be applied to
many tissue engineering applications. This new platform for
composite cellulose biomaterials combines the advantages of
hydrogel-based biomaterials with the ease of production and
efficiency of the cellulose-based scaffolds. In this proof-of-
concept study, we show how plant-based scaffolds with

complex features can be hand- or machine-crafted and then
repurposed for new biological characteristics.
The anionic detergent SDS was used to decellularize the

apple hypanthium tissue to obtain the cellulose scaffold.7,32

Hence, an effective way to remove SDS prior to cell seeding
was required. In this study, we added a salt treatment to our
previous protocol to promote any residual SDS molecules to
form micelles.38 Several salt buffers can accomplish this task,
but divalent cations form tighter micelles than their monovalent
counterparts.38 The addition of the salt alters the critical micelle
concentration of the surfactant;39 at a certain concentration
known as the cloud point, a phase transition occurs, and the
micelles become insoluble and can be easily washed away.50

The salt treatment can be useful in cases where simple washing
is not practical. For instance, large 3D constructs (several
centimeters in size) can require high concentrations of SDS
(∼5%) for complete decellularization (Supporting Information
Figure S2). This high concentration of SDS makes removing
remnant surfactant difficult. Recently, two other studies have
taken advantage of the structures of decellularized plant tissues
for 3D mammalian cell culture.34,35 In these studies, harsh
decellularization conditions were used to render the scaffold
free of the native plant cells and nuclear content.34,35 Moreover,
both studies show incomplete cell proliferation and invasion of
the plant-derived constructs. It is possible that remnant
detergents and chemicals are responsible for the incomplete
invasion of the scaffolds; however, experimental validation is
required to confirm this speculation. Importantly, it also
remains unclear if the production methods described in these
previous studies result in biocompatible and pro-angiogenic
scaffolds in vivo as animal studies were not carried out by the
authors.34,35 The new fabrication process reported here is
simple and supports high cell growth. Moreover, the processes
and protocols described in our study, really open up dramatic
new possibilities for biomaterial engineering with respect to the
large size and geometric complexity that are now attainable.
The biomaterials we describe are simply produced by hand or
even on a CNC machine within minutes, without molding,
complex chemistry, or restrictions to small sizes.
Many synthetic 3D biomaterials rely on molding techniques

to achieve their intended shape.51 An advantage of using
decellularized plant cellulose as a 3D biomaterial is that it can
simply be cut into the desired shape. Here, we demonstrated
the production of cellulose rings as scaffolds for tissue
engineering in vivo. Of course, the maximum size of the
construct (without any further processing) will be limited by
the plant being employed as a starting material. We presented
proof-of-concept studies to show how the versatility of the
biomaterial can be further increased by casting temporary or
permanent hydrogels onto the macroscopic scaffolds with
inverse molding techniques.51 While this technique has been
previously applied to synthetic tissue engineering,36,37 this
appears to be the first time this has been used to exploit the
pre-existing structures of plants. This approach allowed us to
provide temporary or permanent biochemical cues to the
invading cells. The molding techniques can be particularly
useful if intricate features of the biomaterial need to be
populated with cells. Conventionally, cells are suspended in
culture media and are seeded onto the substrate.52 The cell
culture media is of low viscosity; therefore, the media can easily
pass through the porous scaffold without allowing enough time
for cell attachment. This problem can be overcome by using
temporary or permanent inverse molding techniques. Tempo-
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rary molding is advantageous when a standalone cellulose
biomaterial with complex features is desired. As evidenced by
our gelatin experiments, the temporary mold can extend the
time the cells are in contact with the biomaterial and then melt
away after its function is complete. Moreover, the temporary
mold can supply biochemical cues to the cells that are desirable
for only a short period of time. On the other hand, in other
scenarios it is desirable to create a permanent gel encompassing
the biomaterial. Unlike gelatin, collagen remains in its gel state
at 37 °C, which is particularly useful for cell culture applications
that require a permanent gel or persistent biochemical cues.
Importantly, cell invasion was comparable for the three

different conditions: bare cellulose, gelatin temporary mold,
and collagen permanent mold. The significance of these
findings is that the same result can be obtained regardless of
the molding technique that is used. As this work and our
previous studies32,33 demonstrate, plant-derived cellulose
scaffolds are inert and simply provide a stable 3D structure
on which cells can proliferate and function. Therefore, the
choice of biofunctionalization seeding technique depends on
the intended application of the material. It should be noted that
different cells deposit and require varying extracellular
matrixes.43 Therefore, the outcome of using the plant-based
decellularized biomaterial in conjunction with hydrogels
containing cells that produce an insufficient ECM may increase
cell invasion and proliferation in comparison to culturing the
cells on bare scaffolds. Our in vitro results reveal that the
scaffolds are highly biocompatible. The live:dead cell ratios
confirm the presence of mostly viable cells. However, we urge
researchers to employ caution when interpreting the results of
the live and dead cell experiments. The scaffold size and
geometry used here certainly affect the results. Although not
found in this study, we do expect a necrotic core to be present
in larger biomaterials with insufficient porosity or without
supplemented perfusion as a result of hypoxia and inadequate
diffusion of metabolites.53 When compared to the physiological
condition at approximately 1 × 108 cells/mL,54 our in vitro
experiments have a lower cell density. Nevertheless, our in vivo
results show a relatively high cell density, similar to that of the
surrounding native tissue. Many factors influence cell density
such as cell type, mechanical properties, structural character-
istics, and biochemical features. It should be noted that our
motivation for presenting these proof-of-principle experiments
was to establish a potential tissue engineering platform with
plant-derived cellulose scaffolds. Increasing the cell seeding
density to approach the physiological limit or determining the
maximum limit was unnecessary; the in vivo results address this
issue. It is important to note that matching cell density in vitro
is not our end goal. Rather, we are developing implantable
biomaterials; therefore, in vivo biocompatibility, vascularization,
and cell invasion are of primary concern. In future work,
specific tissue engineering goals will be examined, as opposed to
fully exploring the landscape of possibilities of employing
gelatin/collagen in the present study. To that end, the
composite material can be selected to match the mechanical
and physical properties of the local microenvironment. In our
case, the gelatin and collagen hydrogels did not appear to alter
the pore size or pore size distribution of the cellulose pores,
consistent with our previous studies.32,33 Obviously, the
physical properties such as porosity depend on the choice of
the material. Here the choice of composite material was
arbitrary; extensive characterization of the physical properties
was unnecessary. Nevertheless, the mechanical properties are of

significant interest; thus, the Young’s modulus was quantified.
Interestingly, the treatment with the CaCl2 increased the
Young’s modulus, while the addition of the hydrogels did not
have a significant effect. The increase in the Young’s modulus
after the salt treatment was likely the result of remnant salt
adsorbed on the surface. We note, however, the mechanical
properties of the scaffolds which vary between ∼5−20 kPa fall
well within the range of native animal tissues such as
muscle.44,45

Our in vivo results also show that the scaffolds never become
calcified or fibrotic. Rather, collagen matrix deposition is
observed concomitantly with extensive cell invasion.33

Crucially, the plant-derived cellulose biomaterial exhibited
vascularization, which results in the formation of blood vessels
that supply the invading cells with nutrients. Apple hypanthium
tissue is highly porous and sponge-like in structure and lacks
the presence of pre-existing vascular structures which might act
as a template for blood vessel formation. Despite this, and
existing hypotheses that such templating structures are
important,29,35,41 we show that such pre-existing structures
are not a requirement for vascularization. In fact, it is likely that
the highly porous nature of plant-derived cellulose biomaterials
is the critical element which promotes vascularization.55

Although plant-derived cellulose scaffolds are stable and robust
as subdermal implants and in tissues/structures that are
relatively stable,33 it is unclear how applicable they will be in
applications that involve the repair of cardiac and/or muscle
tissues. Such tissues are mechanically dynamic, which leads to
the application of large stresses to any implanted biomaterial.
Plant-derived cellulose scaffolds, without any further process-
ing, are highly brittle and likely inappropriate for such
applications, especially when other more effective biomaterials
have already been developed.56,57 It is also unclear at this point
if such plant-derived cellulose scaffolds will be effective for de
novo organ engineering. At present, these materials do appear
to be highly effective in tissue engineering/repair strategies
within certain criteria as discussed here. Future studies will
continue to elucidate the full potential of these plant-derived
cellulose biomaterials in regenerative medicine.
Combining the scaffold with hydrogels expands the potential

applications of these materials, and we anticipate this work will
have significant impacts in the field. We stress that this study is
a proof-of-concept study that will provide the foundation for
more sophisticated investigations in the near future. Improved
cell adhesion, both in vitro and in vivo, combined with inverse
molding provides an important platform for future tissue
engineering applications. The materials for these composites
are easily and cheaply sourced, biocompatible in vitro and in
vivo, and display clear vascularization. This study opens up new
possibilities for existing hydrogels and biopolymers to be used
in combinations with plant-derived cellulose biomaterials. The
choice of gelatin and collagen as the comparison materials was
quite arbitrary as there are many biomaterials available. The
combination of scaffolds with temporary or permanent
hydrogels will be useful in delivering biochemical cues (matrix
proteins, growth factors, small molecules, etc.) to attract or
promote the growth of specific cell types. Control over the
organization and invasion of specific cell types remains an
important challenge in 3D tissue engineering. Future work will
focus on combining the inverse molding techniques with in
vivo experiments to direct and template specific cells in 3D
space. Nevertheless, emerging plant-derived cellulose scaffolds
present an affordable, accessible, easy to use, and versatile 3D
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biomaterial that holds important promise for future applica-
tions. The simplistic approach to biomaterial fabrication is a
very attractive feature of this novel biomaterial, and we
anticipate that it will benefit the continued development of
novel biomaterials by many different research groups.

■ MATERIALS AND METHODS
Scaffold Production. A mandolin slicer was used to slice

McIntosh Red apples (Canada Fancy) into thin 1.2 mm sections,
measured with a Vernier caliper. A 5 mm diameter disk with a 1.2 mm
thickness was then carved out of the hypanthium tissue of the slice
using a 5 mm biopsy punch. A 2 mm biopsy punch was used to
remove a 2 mm disk from the center of the 5 mm disk. Thus, a
macroscopic ring was obtained with an inner diameter of 2 mm, an
outer diameter of 5 mm, and a thickness of 1.2 mm. The samples were
transferred to a 0.1% SDS solution and decellularized for 48 h while
being shaken at 180 rpm. After decellularization, the samples were
washed three times with dH2O. Next, the rings were incubated in 100
mM CaCl2 for 24 h at room temperature to remove any surfactant
residue. The samples were washed three times with dH2O to remove
the salt residue and then were incubated with 70% ethanol for
sterilization. After the removal of the ethanol, three washes with dH2O
were performed to yield a sterile ring free of contaminants.
Alternatively, the samples can be autoclaved to be sterilized.
Cell Culture. C2C12 mouse myoblast cells were maintained at 37

°C and 5% CO2. The cells were cultured in high glucose DMEM,
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (100 U/mL and 100 μg/mL respectively) (Hyclone
Laboratories Inc.). The C2C12 myoblast cells cultured on cell culture
plates were trypsinized and resuspended in DMEM. The cells were
counted and centrifuged to separate the cells from the trypsin and the
media. The supernatant was aspirated, and the pellet containing 5 ×
104 cells was resuspended in either fresh culture medium, a 10% (m/v)
Porcine Type-A Gelatin (GE) (Sigma-Aldrich) solution in culture
medium, or a 1.5 mg/mL collagen solution. The collagen gel was made
by mixing 50% (v/v) of 3 mg/mL type 1 collagen (Gibco) with 1.25%
of 1 N NaOH, 10% of 150 mM D-ribose, 1% FBS, 10% of 10×
DMEM, and 27.25% autoclaved dH2O at 4 °C. In each condition,
C2C12 mouse myoblast cells were seeded onto the biomaterial, and
the cells were allowed to proliferate and invade the scaffold for two
weeks. The culture medium was replaced every two days, and the
samples were transferred to new culture plates after one week of
growth.
The GE solution was used as a temporary inverse mold. The

resuspension in the GE solution was performed at 37 °C. After the
gelatin−cell solution was pipetted onto the scaffold, the gelatin
solution cooled below its melting temperature and was left to gel for
15 min at room temperature. Here, the hydrogel containing the cells
was left on the scaffold in its gelled state for a further 45 min.
Following this period, 2 mL of room temperature cell culture medium
was added to the Petri dish containing the gelatin coated ring. The
sample was then placed in the incubator at 37 °C and 5% CO2.
The collagen solution was used as a permanent inverse mold. Here,

the inverse principle applied: the gel was in its liquid form at 4 °C and
solidified at room temperature. A collagen gel−cell mixture was
produced by resuspending the pellet of cells in a 4 °C collagen
solution. The collagen solution rapidly polymerizes within 5 min and
formed a permanent gel containing the biomaterial and the cells. After
15 min of incubation at room temperature, 2 mL of room temperature
culture medium was added to the Petri dish containing the collagen
coated ring. The sample was then placed in the incubator at 37 °C and
5% CO2.
Staining. Prior to staining, the cells were washed 3 times with PBS

and then fixed with 3.5% paraformaldehyde for 10 min. Staining of the
decellularized apple scaffold was accomplished as described
previously.32,58 Briefly, the samples were rinsed with water and
incubated in 1% periodic acid (Sigma-Aldrich) at room temperature
for 40 min. The tissue was rinsed again with water and incubated in
Schiff reagent (100 mM sodium metabisulfite and 0.15 N HCl) with

100 μg/mL of propidium iodide (Invitrogen) for 2 h. The samples
were then washed with PBS. The myoblast cell membranes and nuclei
were stained with a solution of 5 μg/mL wheat germ agglutinin
(WGA) 488 (Invitrogen) and 1 μg/mL Hoechst 33342 (Invitrogen)
in PBS, respectively, for 30 min.

Microscopy. The cells and biomaterials were imaged with epi-
fluorescence and laser scanning confocal microscopy. A Nikon Eclipse
TiE epi-fluorescence and phase contrast microscope (Nikon, Canada)
with a CCD camera (Photometric Cool Snap HQ2), and 4× and 10×
objective lenses were used to image the biomaterials. In addition, the
samples were imaged with a Nikon TiE A1-R high speed resonant
scanner confocal microscope with a 10X objective. ImageJ (Fiji) was
used to process the images. Confocal images presented here are
maximum intensity projections of confocal volumes. Brightness/
contrast settings were adjusted to maximize the fluorophore signal;
otherwise, no other image manipulations were performed.

In Vitro Cell Invasion and Proliferation Quantification. Cell
Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies, Inc.) was
used to measure the number of viable cells in the scaffold after the
initial seeding. A standard curve (R2 = 0.998) was produced by
creating serial dilutions of 5 × 104 cells with a dilution factor of 2 in a
96-well plate for a final volume of 100 μL of cells and media plus 10
μL of CCK-8 reagent after a preincubation of 12 h. The absorbance of
the solution was measured at 450 nm after 3 h of incubation at 37 °C,
5% CO2. For the experimental measurements, the rings were seeded
with cells as described above, then transferred to a 96-well plate with
100 μL of media +10 μL of CCK-8 reagent after a preincubation
period of 12 h. The absorbance of the solution was measured at 450
nm after 3 h of incubation at 37 °C, 5% CO2. The values presented are
mean values ± the standard error of the mean (SEM).

The confocal images of the cell nuclei were thresholded using the
ImageJ (Fiji) adaptive threshold plug-in, and the analyze particles plug-
in was used to measure the number cells in a 300 × 300 μm area
(analysis after 2 days of culture) or a 300 × 300 × 300 μm volume
(analysis after 2 weeks of culture). The values presented are mean
values ± SEM.

Live:Dead Cell Analysis. After 2 weeks of culture, the scaffolds
were incubated with 10 μg/mL of Hoechst 33342 (Invitrogen) and 1
μg/mL of propidium iodide (Invotrogen) for 20 min to stain the
nuclei of the live and dead cells, respectively. The biomaterials were
then imaged with confocal microscopy. The images of the cell nuclei
were thresholded using the ImageJ (Fiji) adaptive threshold plug-in,
and the analyze particles plug-in was used to measure the number cells.
Here, the live:dead cell ratio expression is unitless. The values
presented are mean values for multiple volumes ± SEM.

Young’s Modulus. The Young’s modulus was measured after 2
weeks of culture by compressing the material to a 10% strain, at a
strain rate of 50 μm/s, using a custom-built compression device and
LabVIEW software. The force−indentation curves were converted to
stress−strain curves and fitted in Origin 8.5 to calculate the Young’s
modulus.

Animals. Wild-type immunocompetent C57BL/10ScSnJ mice
(males and females; 6−9 weeks old; N = 8) were purchased from
The Jackson Laboratory (Bar Harbor, Maine, United States) and bred
in our facilities. The mice were housed at constant room temperature
(22 °C) and humidity (52%), fed a normal chow diet, and kept under
a controlled 12 h light/dark cycle. The subcutaneous implantation
procedures and related protocols were approved by the Animal Care
and Use Committee of the University of Ottawa.

Cellulose Implantation. The mice were anesthetized using 2%
Isoflurane USP-PPC (Pharmaceutical partners of Canada, Richmond,
ON, Canada). The eyes of the mice were kept from drying with the
application of ophthalmic liquid gel (Alco Canada In., ON, Canada).
The breathing of the mouse was constantly monitored to ensure that
the animal was in the correct plane of anesthesia. The mouse dorsal
ventral region was shaved with the underlying skin cleaned and
sterilized using ENDURE 400 Scrub-Stat4 Surgical Scrub (chlorhex-
idine gluconate, 4% solution; Ecolab Inc., Minnesota, United States)
and Soluprep (2% w/v chlorhexidine and 70% v/v isopropyl alcohol; 3
M Canada, London, ON, Canada). Animal hydration was maintained
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via subcutaneous injection (s.c.) of 1 mL of 0.9% sodium chloride
solution (Hospira, Montreál, QC, Canada) on the opposite side of the
cellulose implantation site. Throughout the surgical procedures, the
body temperature of the mouse was maintained at 37 °C to maximize
recovery of the animal. All strict sterility measures were upheld for
survival surgeries. To implant the scaffolds, two 8 mm incisions were
cut on the dorsal section of each mouse (upper and lower). Two
cellulose scaffold samples were separately and independently
implanted into each mouse. The incisions were then sutured using
Surgipro II monofilament polypropylene 6-0 (Covidien, Massachu-
setts, United States), and transdermal bupivicaine 2% (as mono-
hydrate; Chiron Compounding Pharmacy Inc., Guelph, ON, Canada)
was topically applied to the surgery sites to prevent infection.
Additionally, buprenorphine (as HCL) (0.03 mg/mL; Chiron
Compounding Pharmacy Inc. Guelph, ON, Canada) was adminis-
trated s.c. as a pain reliever. All animals were then carefully monitored
for the following three days by animal care services and received
replicate pharmacological treatments.
Scaffold Resections. At four weeks postimplantation, the mice

were euthanized using CO2 inhalation and exsanguination via heart
dissection. The dorsal skin was carefully resected and immediately
immersed in sterile PBS solution. The underlying skin containing
cellulose scaffolds was then photographed, cut, and fixed in 10%
formalin for at least 48 h. The samples were then kept in 70% ethanol
before being embedded in paraffin by the PALM Histology Core
Facility of the University of Ottawa.
Histology. For histological analysis, serial 5 μm-thick sections

starting 1 mm inside the cellulose scaffold were cut. The sections were
stained with Masson’s Trichrome. For immunocytochemistry, heat
induced epitope retrieval was performed at 110 °C for 12 min with
citrate buffer (pH 6.0). Anti- CD31/PECAM1 (1:100; Novus
Biologicals, NB100-2284, Oakville, ON, Canada) primary antibodies
were incubated for an hour at room temperature. The blocking reagent
(Background Sniper, Biocare, Medical, Concord, CA, United States)
and the MACH 4 detection system (Biocare Medical) were used
according to manufacturer specifications. A Zeiss MIRAX MIDI Slide
Scanner (Zeiss, Toronto, Canada) with 40× objective was used to
image slices for cell infiltration, extracellular matrix deposition, and
vascularization (angiogenesis). The micrographs were analyzed with
the Pannoramic Viewer (3DHISTECH Ltd., Budapest, Hungary)
software.
Statistical Analysis. To assess statistical differences between the

cells cultured on the biomaterials under the different conditions, one
way ANOVA tests were used. The Tukey post hoc analysis was
performed to determine the statistical difference between the
individual samples. For the comparison of more than two samples,
the one way ANOVA was used instead of multiple Student’s t tests to
reduce the risk of type 1 statistical errors. When only two samples were
compared, the Student’s t test was used. All values presented are the
mean ± SEM. When dealing with biological samples, it is not possible
to study the whole population; the standard error of the mean was
used instead of the standard deviation because a representative sample
is used as an estimate for the population. Statistical significance
(indicated by an asterisk) refers to P < 0.05.
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