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ARTICLE INFO ABSTRACT

Keywords: Rotator cuff injuries affect a large percentage of the population worldwide. Surgical repair has rates of failure of
Tendon tissue engineering up to 70%, and existing materials used in the reinforcement of injuries often lack appropriate mechanical
Biomaterials

properties and biodegradability. There is a clinical need for tendon biomaterials that enable cell attachment and
proliferation, while supporting mechanically the injury site. In this work, we develop a novel all-natural poly-
meric scaffold for applications in the supraspinatus tendon of the shoulder. The unidirectional freezing technique
is applied to a chitosan-gelatine matrix containing varying cellulose concentrations, followed by crosslinking
with genipin. The viability of the technique using a custom 3D printed mould is evaluated. The scaffolds’
morphology and mechanical properties are extensively characterized: the ultimate tensile strength of the ma-
terial with 20% cellulose was found to increase 6-fold compared to scaffolds without cellulose; significant effects
on the microstructure of the scaffold were evidenced via scanning electron microscopy. Furthermore, the
biocompatibility of the materials was characterized with both porcine tendon derived cells and normal human
dermal fibroblasts. All scaffolds are highly biocompatible, the incorporation of cellulose results in higher cell
metabolic activity values and density of cells on the surface of the material. Scaffolds containing 20% cellulose
fibers were found to possess the optimal biomechanical properties for applications in rotator cuff tendon repair.

Aligned ice templating
Polymeric scaffolds

Introduction

Tendon is a highly hierarchical tissue, mainly composed of aligned
collagen type I fibers populated by tendon fibroblasts; organized into
fascicles and surrounded by sheath tissues this makes up the macro-
scopic tendon structure (Snedeker & Foolen, 2017). Glycosaminogly-
cans, including decorin and biglycan, are also an important component
of the extracellular matrix of tendons (James et al., 2008). The aligned
morphology of these fibers gives tendons their unique mechanical
properties and capacity to withstand high tensile forces (Hafeez et al.,
2021).

The rotator cuff is made up of 4 muscle-tendon units, which includes
the infraspinatus, supraspinatus, teres minor and subscapularis (Nar-
ayanan et al.,, 2018). Of the four, the supraspinatus is most often
involved in tears or injuries (Itoi et al., 1995), which affect over 50% of
people over the age of 60 (Rothrauff et al., 2017). Re-tears after surgical
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intervention have an incidence of 38% - 46% (Carr et al., 2017), influ-
enced by the age of the patient and the size of the initial tear (Rothrauff
et al., 2017). Utilizing patch augmentation techniques has shown
promise; however, the existing patch alternatives present numerous
disadvantages, including inflammatory response and complications
post-surgery (Chalmers & Tashjian, 2020).

Chitosan and gelatine blends have been widely studied for applica-
tions in tissue engineering (Alizadeh et al., 2013; Moshayedi et al.,
2021). Gelatine is produced from the partial hydrolysis of collagen,
which is the main component of the extracellular matrix of tendon (Bello
et al., 2020). Collagen has raised concerns due to potential immunoge-
nicity as well as high cost; thus, gelatine could present as an interesting,
lower cost alternative, presenting good biocompatibility and degrad-
ability. Chitosan was chosen in this work as it closely mimics the gly-
cosaminoglycans present in native tendon tissue (Muzzarelli et al.,
1988). Scaffolds produced with gelatine and chitosan, though
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Fig. 1. Overview of the unidirectional freeze-drying process. A: Main steps involved in the fabrication of the scaffolds, including a cross-section view of the formation
of aligned ice lamellae. B: Cross-section of 0% CMF pre-scaffold. C: Cross-section of 30% CMF pre-scaffold. Scale bar: 1 cm. D: View of the printed mould, including
the exterior dimensions. E: SEM image of the cellulose microfibers. Scale bar large image: 50 um. Scale bar inset image: 20 um.

presenting many promising properties, do not possess the necessary
mechanical properties for applications in rotator cuff tendon (Mao et al.,
2003; Pezeshki Modaress et al., 2012). Cellulose, an abundant organic
polysaccharide, has been used to modify and optimize different prop-
erties of materials (Miao & Hamad, 2013). Cellulose fibers are a popular
choice due to their high stiffness and strength, which paired with their
biocompatibility make them an interesting alternative for applications
that require mechanical reinforcement (Campodoni et al., 2019).
Though many forms of cellulose fibers have been studied, cellulose
microfibers, with diameters in the range of 3 — 30 pm, have shown
promise in improving the compressive strength of a sodium alginate -
polyacrylamide hydrogel 3-fold (Sriraveeroj et al., 2022), and the tensile
strength of a gelatine freeze-dried scaffolds 5-fold, for materials with
applications in tissue engineering (Xing et al., 2010).

Furthermore, scaffolds for tendon tissue engineering should possess
an aligned morphology mimicking that of the native tissue; this struc-
ture is important for the mechanical properties, cell alignment and im-
mune response (Beldjilali-Labro et al., 2018). An aligned topography has
been found to direct macrophage polarization towards an

anti-inflammatory phenotype (Hou et al., 2021), and promote the
alignment and proliferation of tendon cells. (Caliari & Harley, 2011b).
Significant increases in mechanical properties of anisotropic scaffolds
compared with their isotropic counterparts have similarly been
observed. (Zhao et al., 2021)

Ice segregation induced self-assembly is a well-known technique for
producing porous scaffolds with anisotropic pore structures (Deville,
2010; Joukhdar et al., 2021; Qin et al., 2021). By placing the polymeric
solution in contact with a cold surface, ice grows in a direction
perpendicular to the cold plate, which after sublimation results in a
material with aligned pores. (Diaz et al., 2023) This low cost, high yield
technique has been previously applied for the development of scaffolds
for tendon tissue engineering (Caliari & Harley, 2011b; Chen et al.,
2021; Sandri et al., 2016); however, further work on the relationship
between pore size, mechanical properties, and polymeric matrix is
needed.

Crosslinking is the process of producing bonds between the poly-
meric chains, leading to the improvement of the material’s properties
(Tillet et al., 2011). Genipin is a non-toxic, natural crosslinker, that acts
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by reacting with the primary amines present in both gelatine and chi-
tosan (Yibin Yu et al., 2021). Genipin crosslinking has been shown to
significantly improve both the degradation behaviour and the me-
chanical properties of polymers (Alfredo Uquillas et al., 2012; Entekhabi
et al., 2020).

For studying the biocompatibility of tendon biomaterials, tendon
derived stem cells have emerged as a promising alternative to the
commonly used mesenchymal stem cells, in light of their good prolif-
erative capacity and differentiation potential (Rui et al., 2010).
Furthermore, evaluating the compatibility of the material with teno-
cytes remains essential, as they are the primary cell population in tendon
(Beldjilali-Labro et al., 2018). Studies have indicated that culturing
these cells in reduced oxygen concentrations, thus closer mimicking
their native microenvironment (commonly referred to as physoxia), can
improve their proliferative speed (Lee et al., 2012; Yang Yu et al., 2017).
However, less is known about in-vitro culture of cells under physoxia in
a complex 3D environment.

In this work, we have set out to investigate three main objectives:
The viability of a 3D printed mould as a template for the freezing of a
gelatine-chitosan scaffold; the influence of the incorporation of cellulose
microfibers on a chitosan-gelatine matrix, produced by unidirectional
freeze drying and crosslinked with genipin, on the structure of the
scaffolds, its mechanical properties and degradation behaviour; and the
attachment and proliferation of tendon derived stem cells and tenocytes
cultured under two oxygen conditions.

Materials and methods

Gelatine type A, 300 g bloom, from porcine skin (suitable for cell
culture grade, 70-90% protein), acetic acid (99%), ethanol (absolute)
and phosphate buffered saline (PBS) powder were purchased from
Sigma Aldrich. Microfibrillated cellulose (CMF) suspension, 3% w/w,
with an average fiber diameter of 8 — 10 ym, was kindly provided by
Weidmann Fiber Technology. Genipin (>98%) was purchased from
Glentham Life Sciences. ChitoClear® chitosan (>99%) with degree of
deacetylation >95% and average molecular weight of 80 kDa was pur-
chased from Primex Iceland. Calcein AM and alamarBlue were pur-
chased from Fisher Scientific, UK. All materials were used without
further modification.

Pre-scaffold preparation

Chitosan was dissolved at 2% w/v in 1% acetic acid by stirring at
room temperature overnight. A 10% gelatine solution was prepared with
ultrapure water, at 50 °C under constant stirring. The two solutions were
mixed at a 1:1 ratio for 1 hour at 40 °C. The resulting solution was
centrifuged to remove bubbles and CMFs were added to the desired
ratio, ranging from 0% to 30% cellulose fibers to polymer.

The resulting solution was cast onto custom 3D printed moulds (di-
mensions detailed in Fig. 1) lined with aluminium foil on one side and
placed onto a metallic plate in direct contact with liquid nitrogen vapor.
After 1 hour, the moulds containing the frozen polymeric solution were
placed in the freezer at —20 °C until ready to freeze dry, for no longer
than 3 h. Finally, the frozen suspension was lyophilized for 72 h in a
Christ-Alpha 2-4 LD plus freeze dryer, with an ice condenser tempera-
ture of —55 °C and pressure of 0,1 mbar. Once dry, the scaffolds easily
peel away from the 3D printed moulds and can be removed and
crosslinked.

Crosslinking

Pre-scaffolds were cut manually, using double sided razor blades, to
dimensions approximately 5 mm x 5 mm x 1 mm for all tests, except
tensile testing, for which samples were cut to approximately 30 mm x 5
mm x 1 mm. Afterwards, they were submerged in a crosslinking solution
of 1% genipin in ethanol, and incubated at 37 °C. After 48 h, samples
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were removed from the crosslinking solution, washed in quadruplicate
with ultrapure water, and freeze dried again. All characterizations were
repeated in triplicate.

Microstructure analysis

Cross-sections of the pre-scaffolds were imaged with a Canon EOS
2000D digital camera. Scaffold microstructure (after the crosslinking
process) was analysed via Scanning Electron Microscopy, (Ever-
hart—Thornley detector, AURIGA base 55, Carl Zeiss, Oberkochen,
Germany), under a voltage of 3 kV. For imaging, completely dry scaf-
folds were manually cut to fit a 1 cm? metallic sample holder and
attached to the holder using double sided carbon tape. Next, they were
sputter coated (Q150T SputterCoater, Quorum Technologies) with gold
for 50 s to prevent the effect of charging on the imaged, and they were
immediately imaged. Pore width was calculated from at least 50 indi-
vidual pores, with the software ImageJ. For imaging the cellulose
microfibers, they were dried in an oven at 60 °C until fully dry and
imaged without further modification.

Porosity

Porosity was calculated via an indirect method, as previously re-
ported.(Alizadeh et al., 2013) The samples were measured for all di-
mensions with a calliper to a precision of 0,01 mm in at least three
different places and then averaged; and weighed with a scale of preci-
sion 0,1 mg. The volume of each sample was calculated by multiplying
its average length, width and thickness. Finally, porosity was calculated
according to Eq. (1):
Porosity (%) = <1 —ij—’:) * 100% (¢}

Where ps is the density of the scaffolds, calculated as weight divided
by volume, and pf is the density of a non-porous film, produced by
casting the polymeric solution into a mould and allowing it to dry for 2
days; and calculated similarly.

Wettability

Wettability was assessed with a contact angle goniometer (DSA 100,
KRUSS GmbH Co., Hamburg, Germany). A 10 uL drop of water was
deposited on the surface of a sample and 10 measurements were taken.
Values between the right and left side of the drop were averaged and the
mean contact angle determined.

PBS swelling

Samples were weighed with a scale of precision 0,1 mg and incu-
bated in 10 mL of PBS for 1, 8 and 24 h at 37 °C in a shaking incubator.
Following incubation, they were gently patted dry to remove excess
water and weighed again, after minimal manipulation to avoid the
removal of absorbed liquid. Swelling ratio was calculated according to
Eq. (2):

M
% Swelling — /vT; % 100% ()

Where Ms is the mass of the scaffold after swelling and Mo is the
initial mass before immersion.

Chemical structure

Chemical structure was evaluated with Fourier Transform Infrared
Spectroscopy attenuated total reflectance (FTIR-ATR). Absorbance
values between 400 cm ™! and 4000 cm ™! were measured with 40 scans
per sample and a resolution of 4 cm ™! at room temperature.
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Degradation

Samples were weighed following freeze drying and incubated in 10
mL of PBS up to 45 days at 37 °C in a shaking incubator. At different time
points, samples in triplicate were removed from the PBS and incubated
for 1 hour in distilled water, to remove any traces of salt deposits from
the PBS. They were gently patted dry and freeze dried again, following
freezing overnight at —20 °C. Finally, they were weighed in the same
balance.

The remaining mass was calculated according to Eq. 3:

Mt
Remaining mass (%) = ot 100%
o

Where Mt is the mass after freeze drying at time “t” after immersion
and Mo is the initial mass. PBS was refreshed once a week.

Tensile testing

Scaffolds were tested in both dry and swollen conditions using
samples with dimensions of 30 mm x 5 mm x 1 mm. All samples were
directly fixed to the device, clamping 5 mm of the sample on each side.
For dry testing, samples were tested after crosslinking and freeze-drying.
For wet testing, samples were immersed in PBS for 1 hour, then removed
from the solution and the excess liquid patted dry. Samples were
mounted in an Instron® 5967 Universal Testing device equipped with a
100 N load cell. Measurements were carried out at a rate of 1 mm/min
until breaking.

Cell culture with primary porcine tendon cells

Tenocytes (TNCs) and tendon derived stem cells (TDSCs) were
extracted from pig tendon according to a previously established proto-
col. (Yang et al., 2018) TNCs were cultured in Dulbecco’s Minimal
Essential Medium with 4,5 g/L glucose content, supplemented with 10%
foetal bovine serum, 1% l-glutamine, 1% non-essential amino acids and
1% Penicillin-Streptomycin. TDSCs were cultured in Dulbecco’s Mini-
mal Essential Medium with 1 g/L glucose content, supplemented with
15% foetal bovine serum, 2,5 ng/mL stem cell growth factor, 2,5 ng/mL
basic fibroblast growth factor, 0,4 ng/mL epithelial growth factor and
1% Penicillin-Streptomycin. After reaching 85-90% confluency, cells
were detached with trypsin and concentrated by centrifugation. Scaf-
folds were placed in a suspension 48 well plate and sterilized by irra-
diation with UV light for 1 hour followed by immersion in 70% ethanol
for 30 min. They were washed in triplicate with PBS, immersed in cell
culture medium and incubated at 37 °C before seeding. After 1 hour, the
medium was removed, and cells were seeded on the surface with a
concentration of 1 x 10° cells/cm?, using a total volume of 20 pL.
Samples were placed in an incubator at 37 °C overnight, after which 400
uL of fresh culture medium were added and incubated until measure-
ment. Cell culture medium was exchanged twice a week. All experiments
were carried out in an atmosphere of 5% CO,, under oxygen concen-
trations of 21% and 2%, to evaluate the effects of air oxygen and
physoxia on cells cultured on the 3D scaffolds.

Cell metabolic activity

After 1,7, 14 and 21 days, cell metabolic activity was measured with
the alamarBlue™ Invitrogen assay on scaffolds seeded with TDSCs and
TNCs. Briefly, all the cell culture medium was removed from the samples
and replaced with medium containing 10% alamarBlue™ reagent
(Fisher Scientific, UK). Following incubation at 37 °C for 2 h, 80 uL al-
iquots were transferred to a 96 well-plate. Fluorescence was measured at
Ex/Em values of 560 nm/590 nm. Fluorescence intensity values of cell
seeded scaffolds were normalized against a non-seeded material control
to account for the background fluorescence of the scaffolds.
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Fluorescence staining

Tendon derived stem cells and tenocytes attached on the scaffold
were stained after 21 days of incubation in order to investigate their
morphology and their adhesion to the material. Briefly, at the intended
time points, cell culture medium was removed, and scaffolds washed
with PBS. Samples were incubated with a 4 uL/mL Calcein AM (Invi-
trogen™) in PBS solution for 1 h at 37 °C protected from light, and
subsequently washed with PBS. The stained live cells were imaged with
a confocal microscope (Olympus FV1200). For cross-section images, the
scaffolds were fixed with a 4% paraformaldehyde solution for 1 hour
following staining and washed with PBS. They were subsequently cut
with a razor blade in the direction of the pores, rotated 90° and placed
on a glass coverslip for imaging.

Cell culture with NHDFs

Normal Human Dermal Fibroblasts (NHDFs, PromoCell, Germany)
were cultured in Dubeccos Minimal Essential Medium with 4,5 g/L
glucose content, supplemented with 10% fetal bovine serum and 1%
Penicillin-Streptomycin, at 37 °C, 5% COy and atmospheric oxygen
conditions. After reaching 90% confluency, cells were detached with
0.05% trypsin and concentrated by centrifugation. Scaffolds were dis-
infected similarly as when seeded with primary cells. Cells were seeded
on the surface of the samples with a concentration of 1 x 10* cells/cm?,
using a total volume of 100 pL. Samples were placed in an incubator at
37 °C for 1 hour, after which 300 pL of fresh culture medium were added
and incubated until measurement. Cell culture medium was exchanged
twice a week.

Imaging of cell attachment

Following 10 days of culture with NHDFs, the cell culture medium
was removed from the scaffolds, and they were immediately fixed in a
4% paraformaldehyde solution for 2 h. They were then immersed in
solutions of increasing ethanol content, including 30%, 50%, 70%, 80%,
90% and 2 times 100% ethanol, for 30 min each. They were subse-
quently dried in a Leica EM CPD300 Critical Point Dryer. For imaging
the cell layer deposited on the top of the scaffolds, the same SEM pro-
tocol was followed as detailed previously.

Statistical analysis

All data is reported as the mean =+ standard deviation. Statistical
difference tests were performed using one-way ANOVA, with Bonferroni
post-hoc correction; except for the cell viability assay, which was ana-
lysed with two-way ANOVA and Bonferroni post-hoc correction. Three
different significance levels were analysed for mean differences: p<0,05
(*), p<0,01 (**) and p<0,001 (***).

Results
Development of freezing set-up and production of scaffolds

All scaffolds were produced from a fixed 1:1 ratio of 10% gelatine
and 2% chitosan solutions; the gelatine and the chitosan are fully
miscible and produce a completely homogeneous and clear solution
with a yellowish colour. This ratio was chosen on the basis of pre-
liminary experiments that analysed different ratios (not presented here),
finding that increasing total polymer concentration would yield the
collapse of the structure, where a lower concentration yields larger pores
and a fragile structure. The main steps in the pre-scaffold preparation
process are presented in Fig. 1. Different ratios of CMF to total polymer
concentration were investigated, including 0%, 5%, 10%, 20% and 30%
(expressed as weight of cellulose / weight of total polymer in gelatine
and chitosan solution). An SEM image of an air-dried cellulose
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0% 5% 10% 20% 30%
CMF concentration

Fig. 2. SEM images of the scaffolds reveal an aligned microstructure, characteristic of the aligned ice templating technique. A decrease in pore width with increasing
CMF concentration can be seen. A: 0% CMF. B: 5% CMF. C: 10% CMEF. D: 20% CMF. E: 30% CMF. Scale bar: 200 um. F: Pore width values decrease for increasing CMF
concentration, where the white bar indicates the mean value. All groups exhibit a significant difference to the level of p<0,001 of the mean values between each
other, except the difference between the means of the 20% and 30% CMF groups (p>0,05).

microfiber mat is presented in Fig. 1-E. First, we developed the set-up for
conducting the unidirectional freeze-drying process in a reliable and
reproducible manner. The set-up consists of a nitrogen-safe expanded
polystyrene container containing an aluminium surface that contacts
directly with the mould containing the polymeric solution. The mould
was 3D printed with an Ultimaker S5 printer, using the synthetic poly-
mer acrylonitrite butadiene styrene (ABS), which possesses similar
thermal conductivity to the more typically used Teflon (0,18 and 0,3 W/
m.K respectively), (Cai et al., 2018; Song, 2022) while aluminium has a
value of 237 W/m.K. (A. Zhang & Li, 2023) The difference in conduc-
tivities between the aluminium and the mould prevents the formation of
lateral ice crystals.(Nelson & Naleway, 2019) The dimensions of the
mould are detailed in Fig. 1. Following the incorporation of liquid ni-
trogen to the bottom of the polystyrene container, ice grows vertically
when the temperature of the aluminium surface gets below the freezing
temperature of the polymeric solution’s solvent. (Joukhdar et al., 2021)
The scaffolds are subsequently freeze dried and cut to thin sections for

crosslinking. Scaffolds without cellulose present large pores and break
easily with handling; whereas all scaffolds with cellulose appear more
compact and are easier to handle (Fig. 1).

Cellulose concentration has a significant effect on scaffold microstructure

SEM images of the scaffolds’ cross-section reveal an aligned micro-
structure for all CMF concentrations in the range of 0 — 30%, as shown in
Fig. 2A-E. However, stark differences can be seen for the different con-
ditions: Scaffolds without cellulose present pore walls with little to no
interconnectivity that exhibit a dendritic morphology, whereas the
incorporation of cellulose leads to increasing interconnectivity between
the pores, that maintain a lamellar structure. Given the marked anisot-
ropy of the pores, pore size was quantified in the perpendicular direction
to the freezing (described as pore width). A significant decrease in mean
pore width was found for increasing cellulose concentration with values
of 138, 100, 73, 58 and 50 um for 0% CMF, 5% CMF, 10% CMF, 20%



F. Diaz et al.

100

95

Porosity (%)

0% 5% 10% 20%

CMF concentration

30%

160

140

120

100

*%

Contact angle (°)
g 8
1 1 "

S
o
1

N
o
1

Swelling (%)

Carbohydrate Polymer Technologies and Applications 7 (2024) 100447

30% 30%

8 hours

1 hour 24 hours

[D]

5% 10% 20%
CMF concentration

0%

30%

[E]

Fig. 3. Porosity and water contact properties of the scaffolds. A: Porosity values for the scaffolds. B: Swelling behaviour of scaffolds immersed in PBS. C: Contact
angle of water on the surface of the biomaterials. D-E: Image of a 10 pL water drop on the surface of the 0% CMF scaffold (D) and 30% CMF scaffold (E). Three
different significance levels were analysed: p<0,05 (*), p<0,01 (**) and p<0,001 (***).

CMF and 30% CMF respectively (Fig. 2F). The change in pore size is
attributed to the entrapment of the cellulose fibers into the gelatine-
chitosan matrix, resulting in the densification of the structure with a
tighter pore network. The three components produce a fully homoge-
neous structure with no evidence of any phase separation. The molec-
ular interactions between chitosan and gelatine are attributed to
hydrogen bonds and electrostatic interactions (Qiao et al., 2017), while
cellulose and gelatine are known to present electrostatic attraction at
acidic pH (Leite et al., 2021).

The crystallinity of the structure has not been studied, however
previous studies have found that the intrinsic crystallinity of similar
cellulose microfibers is around 38% (Mbarki et al., 2019), while
gelatine-chitosan composites present negligible crystallinity. (Thein--
Han et al., 2009)

The determination of the optimal pore size for applications in tendon
tissue engineering has to take several factors into account, and thus
remains a subject of debate. The effect of pore size on equine tenocyte
performance has been investigated for pore sizes in the range of 50 — 300
um, in an aligned porous collagen scaffold. (Caliari & Harley, 2011a;
Caliari et al., 2012) These studies have indicated that pore size in a
unidirectionally frozen scaffold plays a key role. Smaller pores could
lead to improved initial cell attachment; however, the greater perme-
ability of the larger pores yields enhanced proliferation in the longer
term. Pore size was not found to have an effect on the capacity of cells to

align themselves with the vertical direction of the pores. Furthermore,
the optimal pore morphology should allow for a sufficiently high surface
area, defined as the total area available for cells to attach divided by the
scaffolds total volume, for optimal cell attachment. However, this value
should not be so high that it impedes cell migration into the material and
nutrient diffusion.

Similarly, it’s important to note that pore size will significantly
impact the mechanical properties of the scaffold, as has been investi-
gated previously, (Liu et al., 2012) where large pores could result in a
largely open structure that is brittle or fragile and thus unsuitable for
applications in tendon tissue.

The incorporation of cellulose affects many key properties in the scaffold

Porosity is a key property of scaffolds for tissue engineering, as pores
are required for sufficient mass transfer and nutrient delivery to the cells
attached on the inner pores. All scaffolds present porosity values of 85%
or higher (Fig. 3-A), which indicates their suitability for this application.

Swelling behaviour of the scaffolds was measured by immersion in
PBS for up to 24 h (Fig. 3-B). Understanding the liquid uptake of the
material is important, as it will influence cell migration and mass
transfer. Typically, increased swelling can yield better cell attachment
by maximizing the available surface for the cells, however it could have
a detrimental effect on the mechanical properties. (Peter et al., 2010)
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Fig. 4. FTIR analysis was used to determine the presence of cellulose on the sample. The black boxes highlight the wavenumbers that help identify main polymeric
components of the scaffolds. Left: FTIR spectra of the scaffolds. Right: FTIR spectra of the unmodified polymers.

The bulk of the swelling takes place in the first hour, with gradual in-
creases after 8 and 24 h. Increasing cellulose concentration appears to
result in higher swelling behaviour after 24 h, although the 0% CMF
scaffolds appear to be outliers in that trend. This could likely be due to
the larger pores promoting liquid penetration and uptake. The 30% CMF
scaffolds exhibit the highest swelling, possibly due to the hydrophilicity
of the cellulose aiding the overall liquid uptake of the material.
Natural polymers typically exhibit predominantly hydrophilic sur-
faces. A gelatine film crosslinked with genipin previously presented a
mean contact angle of 65°, (Tonda-Turo et al., 2011) while uncros-
slinked electrospun gelatine mats presented a mean value of 75° (Y.
Zhang et al., 2005). The effect of cellulose incorporation on the hydro-
philicity of the material is presented in Fig. 3-C. A stark decrease in the
water contact angle was found for scaffolds with 5% CMF (57°)
compared to scaffolds without cellulose (116°). This value indicates that
the scaffolds without CMF present a slightly hydrophobic surface, which
could be due to the crosslinking in ethanol resulting in the dehydration
of the surface. A further gradual decrease was found for increasing
cellulose concentration, with values of 57°, 40° and 33°, for 10% CMF,

20% CMF and 30% CMF respectively. This behaviour could be attributed
to the terminal hydroxyl groups present in cellulose, which can aid in the
overall hydrophilicity of the material. Moderately hydrophilic surfaces
have been found to be optimal for the attachment of endothelial cells
and human fibroblasts, with values in the range of 35° - 60° (Arima &
Iwata, 2007; Faucheux et al., 2004)

The composition of the scaffolds was verified by FTIR analysis. The
spectra of the freeze dried scaffolds present contributions of the
component polymers, as presented in Fig. 4. The spectra of chitosan
presents a broad band in the range of 900 — 1200 cm ™!, resulting from
the contributions of C—O—C bonds, C—O stretching vibrations and
glycosidic bonds. Gelatine presents bands at 1633 cm ™, representing
the vibrations of the C—O double bonds and N—H bonds of the primary
amides; and 1538 cm ™!, representing the stretching of the N—H bonds
and vibrations of the C—N and C—C bonds of the secondary amides.
(Staroszezyk et al., 2014). Similarly, gelatine exhibits a broad band in
the 3400 — 3300 cm ™! range, that can be attributed to the vibrations of
the N—H of the functional groups involved in intramolecular in-
teractions. Another broad band of lower intensity appears at 3000 —
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Fig. 5. Degradation profile of the scaffolds in PBS. All scaffolds degrade less than 20% in mass after 45 days, with similar behaviours across all conditions.
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2900 cm ! related to the stretching and vibration of C—H bonds, and a
band at 1230 cm ™%, corresponding to the vibrations of the C—N bond of
the tertiary amide. (Nieto-Sudrez et al., 2016)

All of these bands are similarly present in the scaffolds. The relative
intensity of the band at 1060 cm ™!, with respect to the amide bands at
1633 and 1538 cm™! increases gradually with the cellulose content,
from 0,6 for 0% CMF scaffolds to 0,8 for 30% CMF scaffolds. This band is
present for all scaffolds, as it is present in chitosan resulting from the
contributions of C—0-C bonds, C—O stretching vibrations and glyco-
sidic bonds. The increase in relative intensity is attributed to the p—1,4-
glycosidic bond present in cellulose, which binds the glucose groups to
produce the polysaccharide chains.

The degradation behaviour of the scaffolds is presented in Fig. 5. All
conditions retain over 80% of their original mass after 45 days; expe-
riencing the biggest loss of mass immediately after immersion in PBS
where a drop of up-to 10% in mass was found for scaffolds containing
20% CMF. The CMF content does not appear to have a significant effect
on the overall behaviour; rather this is hypothesized to be mainly
influenced by the crosslinking conditions used. Alternative crosslinking
methods will be evaluated in further work.

The tensile strength of the scaffold significantly increases with the addition
of CMF

The mechanical properties of the different biomaterials were tested
under uniaxial tension at a rate of 1 mm/min. A wide range of values for
native human supraspinatus tendon has been reported in literature, with
estimates of ultimate tensile strength (UTS) at the lower range of 4,1 +
1,3 MPa and at the higher range of 16,5 + 7,1 MPa.(Chaudhury et al.,
2012; Huang et al., 2005) Strain at break values have been reported
between 1,11 and 4,87%. (Chaudhury et al., 2012) Whether the ideal
values for the mechanical properties of a rotator cuff scaffold should
match the native tendons remain a subject of debate, as it has been re-
ported that this organ only reaches around 25 — 30% of its ultimate
tensile strength during normal everyday use. (Chaudhury et al., 2012)

Strain at break, UTS and elasticity modulus were measured in both
wet and dry conditions, to better understand the performance of the
material in both conditions and compare them to previously reported
values. As water is progressively incorporated into the polymeric
network, yielding an increase in weight of over 500%, significant
changes in the mechanical properties are expected. All results are
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presented in Fig. 6.

The ultimate tensile strength results are expressed as the highest
measured stress value on the stress-strain curve. In dry conditions, all
scaffolds incorporating CMF had a significantly higher UTS than without
CMEF. The 20% CMEF scaffold presented the highest overall mean UTS
value, though no significant differences were found between the 10% -
30% CMF conditions. This could be related to the pore structure of the
material, as the low interconnectivity between the pore walls of the 0%
CMF scaffolds yields a weak material, even after crosslinking. The pro-
gressive reduction in pore size appears to correlate with an increase in
UTS for the produced scaffolds.

For wet scaffolds, the trend is similar to that of the dry, with the 20%
CMF scaffolds still presenting the highest overall mean UTS values;
however, the absolute UTS values are approximately one order of
magnitude lower than in the dry condition.

Results for strain at break are measured as the percentual difference
between the initial length of the scaffold and the length of the scaffold at
the breaking point. The scaffolds without cellulose present the lowest
value in dry conditions, as the large pores yield a fragile material that
breaks easily; no significant differences were found between scaffolds
with cellulose. All scaffolds present values within the range of supra-
spinatus tendon when dry. For both wet and dry scaffolds, the 10 — 30%
CMF scaffolds exhibit improved strain values compared to the 0% CMF
scaffolds, which could indicate that improving pore wall interconnec-
tion generally improves the materials properties.

The elasticity modulus, or Young’s modulus, is a measure of the
resistance of a material to elastic deformation when a force is applied;
the presented values were calculated for a strain of 0,2%. Reported

values of Young’s modulus for the supraspinatus tendon in humans
range between 50 — 170 MPa. (Itoi et al., 1995) Scaffolds with 0% and
5% CMF fell within that range, whereas for scaffolds with cellulose
content of 10% or higher, the elasticity modulus in the dry exceeded the
target values, with mean values of 243 MPa, 229 MPa and 261 MPa for
10% CMF, 20% CMF and 30% CMF respectively. However, in wet
condition, the values drop to the range of 0,5 — 2 MPa.

It is important to note that the mechanical properties could be
significantly effected after cell culture, as has been demonstrated pre-
viously. (Camasao et al., 2019) The collagen rich extracellular matrix
produced by the cells following incubation is expected to increase the
stiffness of the material, meaning that the mechanical properties could
significantly change in-vitro.

Cells attach and proliferate throughout the thickness of the scaffolds

Tendon derived stem cells and tenocytes, extracted from pig tendon
trotter, were cultured and seeded on the surface of the scaffolds with a
density of 1 x 10° cells/cm? All cells were used at passage 5, and
scaffolds were incubated at both normoxia (21% O, atmosphere) and
physoxia (2% Oy).

Tenocytes, also called tendon fibroblasts, can make up to 95% of
tendon tissue. (Kannus, 2000) They are typically spindle shaped, and
produce the bulk of tendon extracellular matrix, as well as participate in
repair and regeneration processes. (Hess et al., 1989) Tendon derived
stem cells maintain the capacity to differentiate into tenocytes as well as
other cell types, and they morphology is tissue and species dependent.
(Lui et al., 2014) They have been reported to be smaller and more
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Fig. 8. Confocal microscope images of the scaffolds (in red) seeded with TDSCs stained with calcein (in green) after 21 days of incubation in 2% O, atmosphere
exhibit large numbers of cells on both scaffolds and homogeneous distribution of cells across the surface and thickness of the scaffolds. Scale bar of large images: 200

um. Scale bar of inset images: 50 um.

rounded in shape compared to tenocytes when extracted from rabbit
tendon. (Zhang & Wang, 2010)

Cell metabolic activity was measured with alamarBlue™ after 1, 7,
14, 21 days for scaffolds with 0% CMF and 30% CMF, to understand the
behavior of porcine tendon derived cells on materials with distinct water
contact angles and pore sizes. Results are presented in Fig. 7. Across all
conditions, normalized values were found to increase in time, indicating
that cells are able to grow and proliferate on the scaffolds. At days 14
and 21, a significantly (p<0,001) higher value was found for the 30%
CMF scaffolds compared to the 0% CMF scaffolds, across all cell types
and oxygen conditions. This could be due to the increased hydrophilicity
of the scaffolds with cellulose, which could allow for a greater number of
cells to attach during the seeding process. The pore size, and therefore
the surface-to-volume ratio of the scaffolds could also be playing an
important role, as the larger pores of the 0% CMF scaffold yield a lower
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total surface for the cells to attach to.

Much larger values of normalized cell viability were observed for
TDSCs compared to TNCs, regardless of the time point and the oxygen
concentration. TDSCs have been reported to proliferate significantly
faster than TNCs when extracted from rabbit Achilles and patellar ten-
dons, which seems to have similarly translated to the scaffold’s 3D
environment. (Zhang & Wang, 2010)

Furthermore, no significant differences were found in cell viability
for cells cultured at different oxygen concentrations. It has been re-
ported that human tendon stem cells cultured in 5% O present faster
rates of proliferation and increased stem cell gene expression compared
to 20% O culture. (J. Zhang & Wang, 2013) Though no such effect was
found in this study, this could be due to the influence of the 3D envi-
ronment, as previously reported work measured proliferation on tissue
culture plastic. The age of the cells could also play a role, as it has been
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Fig. 9. Confocal microscope images of the scaffolds (in red) seeded with TNCs stained with calcein (in green) after 21 days of incubation in 2% O, atmosphere.
Images reveal a lower cell density compared to the tendon derived stem cells, and an even distribution of cells throughout the materials. Scale bar of large images:

200 pm. Scale bar of inset images: 50 pm.

reported that typical tendon markers including scleraxis and tenascin C
decrease rapidly in the first 6 passages of human tenocytes.(Mazzocca
et al., 2012) However, in the case of tendon stem cells, changes in gene
expression were found after much higher passage numbers. (Tan et al.,
2012). Further work will evaluate the gene expression of cells cultured
in the scaffolds, to better understand the effects of hypoxia on the
porcine tenocytes and tendon stem cells.

Confocal images of tendon derived stem cells seeded on 0% and 30%
CMF scaffolds and incubated in 2% O, atmosphere are presented in
Fig. 8. Images include the flat surface of the scaffold that was initially
seeded as well as the cross-section, with the scaffold in red (colour is due
to the autofluorescence of the polymeric matrix), the live cells in green,
and the resulting merged image.

A homogeneous distribution of the cells across the surface of the
scaffold can be seen, with the 30% CMF scaffold appearing to present a
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slightly higher cell density compared to the 0% CMF scaffold. The cells
appear to have a largely elongated morphology, but no clustering or
clumping could be seen on any of the samples, indicating that they are
able to spread evenly throughout the surface.

For imaging the cross-section, the samples were cut and placed on
their side, to better understand cell infiltration into the thickness of the
material. Cells appear to be evenly distributed across the thickness of the
30% CMF scaffold, however the same was not found for the 0% CMF.
Although the cells did appear to partially proliferate into the material,
large sections of the cross-section were found to be void of cells. This
could be due to the larger pore size impeding the migration of cells
across, as well as the slight hydrophobicity of the material affecting
initial cell attachment and further proliferation.

Scaffolds seeded with tenocytes at 2% oxygen were similarly stained
with calcein and imaged (Fig. 9). The cell density on the seeding surface
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Fig. 10. SEM images of the scaffolds seeded with NHDFs after 10 days in culture reveal the formation of a layer of cells on the surface for scaffolds with 10 — 30%
CMEF. Scale bar of images on the left: 400 um. Scale bar of images on the right: 50 pm.

of the 30% CMF scaffolds appears to be larger than the 0% CMF scaf-
folds; though for both conditions the density is lower than that of tendon
derived stem cells, due to tenocytes’ slower proliferation.(Clerici et al.,
2023) The spindle-like morphology of the tenocytes appears preserved,
as they were found to adapt to the morphology of the 3D environment.
Similar behaviour was found in scaffolds seeded with both TDSCs and
TNCs in 21% oxygen (not presented here).

Cells were found to be able to proliferate into the depth of the ma-
terial, as shown on the cross-sections. As before, density is higher for the
scaffolds with cellulose, and large areas were found in the 0% CMF
without cells. For both scaffolds conditions, cells appear to largely align
with the direction of the pores, as has been previously reported on
anisotropic substrates. (Wu et al., 2017) It is important to note that no
loss of anisotropy was found after 21 days in culture, as has been pre-
viously reported on scaffolds with a mean pore width of 292 ym, nor any
significant contraction of the scaffold as a result of extended cell culture.
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(Caliari et al., 2012) This could be due to the fact that the scaffolds
presented in this work possess significantly improved mechanical
properties, as well as smaller pores.

Although previous investigations have reported lower cell prolifer-
ation and migration values in scaffolds with pores of 100 pum or less
compared to larger pores, (Caliari & Harley, 2011a) this works dem-
onstrates that for both tendon derived stem cells and tenocytes extracted
from pig, cells are capable of proliferating into the material with pores of
50 um. Similarly, the smaller pore network is required for achieving
mechanical properties in the range of tendon in dry condition.

NHDFs were seeded on the scaffolds to further understand the
viability and attachment of fibroblastic cells on the surface of the ma-
terial. After 10 days in culture, the seeded scaffolds were fixed, dehy-
drated and imaged using scanning electron microscopy (Fig. 10). The
results show that for scaffolds without cellulose, the cells are not capable
of forming a continuous layer on the surface, possibly due to the distance
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between pore walls becoming too large for the cells to bridge. Further-
more, the cells present an irregular morphology, appearing as irregular
clusters rather than smooth layers (Fig. 10, top right). On the scaffolds
with 5% CMF, the cells appeared to form a smooth layer near the edges
of the material, but this became discontinued toward the centre. Only
for scaffolds with cellulose concentration between 10% and 30% was a
continuous layer found, with cells exhibiting the typical spindle-like
morphology characteristic of fibroblasts, as can be seen on the larger
magnification images. Overall, the addition of cellulose to the material
yields an improved adhesion and a homogenous layer of cells on the
material, further reinforcing the results with the porcine tendon derived
cells.

Conclusion

We have developed a novel polymeric scaffold by incorporating
cellulose microfibers into a gelatine-chitosan matrix with potential ap-
plications in tendon tissue engineering. In this work, we demonstrated
the production of an anisotropic scaffold via unidirectional freezing
using an inexpensive, home-made, 3D printed mould. Cellulose con-
centration was found to have a significant impact across key properties
of the material, particularly pore size and tensile properties. The
reduced pore size with increasing cellulose concentration was found to
positively impact tenocytes and tendon derived stem cells’ attachment
and proliferation; however, for both 0% and 30% cellulose scaffolds
good biocompatibility was evidenced through calcein staining and ala-
marBlue assay. Higher cell viability values were found for scaffolds with
30% cellulose, which could be due to its lower pore size and improved
hydrophilicity. The mechanical properties achieved in this work repre-
sent a significant improvement with respect to previously published
work (Caliari et al., 2012; Moncayo-Donoso et al., 2021), demonstrating
that unidirectional freezing is a promising alternative for developing
biomaterials suitable for applications in rotator cuff repair.

Further work will focus on the teno-inductive properties of the 20%
CMF scaffold and on optimizing the crosslinking conditions with the
goal of further improving the mechanical properties. Moreover the
performance of the scaffold under dynamic cell culture should be
characterised and the possible formation of a collagen matrix and its
effects on the tensile strength of the construct must be determined.
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