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Abstract

3D printed polycaprolactone (PCL) has potential as a scaffold for bone tissue engineering, but the
hydrophobic surface may hinder optimal cell responses. The surface properties can be improved
by coating the scaffold with cellulose nanofibrils material (CNF), a multiscale hydrophilic
biocompatible biomaterial derived from wood. In this study, human bone marrow-derived
mesenchymal stem cells were cultured on tissue culture plates (TCP) and 3D printed PCL scaffolds
coated with CNF. Cellular responses to the surfaces (viability, attachment, proliferation and
osteogenic differentiation) were documented. CNF significantly enhanced the hydrophilic
properties of PCL scaffolds and promoted protein adsorption. Live/dead staining and lactate
dehydrogenase release assays confirmed that CNF did not inhibit cellular viability. The CNF
between the 3D printed PCL strands and pores acted as a hydrophilic barrier, enhancing cell
seeding efficiency and proliferation. CNF supported the formation of a well-organized actin
cytoskeleton and cellular production of vinculin protein on the surfaces of TCP and PCL scaffolds.
Moreover, CNF-coated surfaces enhanced not only alkaline phosphatase activity, but also collagen
Type-1 and mineral formation. It is concluded that CNF coating enhances cell attachment,
proliferation and osteogenic differentiation and has the potential to improve the performance of 3D

printed PCL scaffolds for bone tissue engineering.



Introduction

In nature, extracellular matrix (ECM) has hierarchical topographical features ranging in scale from
micrometer to nanometer.! This hierarchical architecture directs cell behavior by providing
spatiotemporal cues to guide cellular functions.? To fabricate biomimetic scaffolds, the complex
physicochemical properties of the ECM must be considered. However, incorporating complex
parameters into a synthetic scaffold is difficult and requires advanced manufacturing techniques.®
Unlike conventional processing methods, which remove material in a subtractive manner, the
principle of the three-dimensional (3D) printing method is to fabricate objects by adding material
layer by layer.*® 3D printed scaffolds are increasingly being applied in tissue engineering because
of the precise control of the porosity and geometry of the structures.> ® Moreover, patient-specific
customization by fabricating personalized scaffolds from computed tomography images facilitated

the clinical applications of tissue engineering.’

Among different biomaterials, 3D printed polycaprolactone (PCL) has been tested widely
for both soft and hard tissue engineering applications.®'° PCL is approved by the US Food and
Drug Administration (FDA) and has good biocompatibility and mechanical strength.'* 12
Moreover, the low melting point makes it an ideal thermoplastic polymer for 3D printing
applications.'®> However, PCL is hydrophobic and lacks an active surface for optimal cell
responses.* Several surface modifications have therefore been introduced to enhance cell-PCL
interactions.' > 16 Alkaline hydrolysis with sodium hydroxide (NaOH) for instance, was shown
to alter the surface chemistry, increase the hydrophilicity of PCL scaffolds and enhance cellular
activity.** Plasma treatments have been used also to change the surface chemistry and topography
without changing the bulk properties of the scaffold.® Coating the surface of 3D printed PCL

scaffolds with collagen nanofibers was also found to improve biological activity.” 8 Collagen is



the most abundant fibrous hierarchical protein in bone ECM and contains amino acidic sequences
for cell attachment.> The major disadvantages include the high cost of manufacturing and the

complex procedures required for purification.*®

In analogy with collagen, cellulose is the main building block of wood and other plants.?
Nanocellulose biomaterials are polysaccharide biopolymers which can be produced by bacteria
(bacterial nanocellulose; BNC) or extracted from plants (cellulose nanofibrils; CNF) by mechanical
treatment and chemical oxidation using 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPQ).2%
22 of immunological importance, CNF, unlike collagen and bacterial cellulose, is not of microbial
or animal origin.?®> As a nanoscale material, wood-based nanocellulose have remarkable
physicochemical properties, including a high specific surface area, surface reactivity and good
mechanical properties.?’ Because of their biocompatibility, CNF hydrogels have recently been used
in various tissue engineering applications, such as human pluripotent stem cell culture,
differentiation of human hepatic cells and human chondrocyte bio-printing.2*?” However, the
application of CNF in bone tissue engineering has yet to be reported: to date there are no enough
published studies of the effect on surface properties of coating 3D printed PCL bone scaffolds with
CNF. The aim of the present study was therefore to develop a TEMPO-oxidized CNF coating on
3D printed PCL scaffolds for bone tissue engineering applications. To study the influence of CNF
alone on the basic responses of hBMSCs, nanocellulose was first coated on tissue culture plates
(TCP) and cell viability, attachment, proliferation and differentiation were evaluated. In the next
phase, 3D printed PCL scaffolds were etched with NaOH and coated with CNF, in an attempt to
improve the surface properties. The modified scaffolds were evaluated for roughness, wettability
and protein adsorption as well as for attachment, proliferation and differentiation of hBMSCs. A

schematic illustration of the study design is shown in Fig. 1.
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Figure 1. Schematic illustration of the study design. After preparation and characterization of CNF,
hBMSCs were isolated, characterized and cultured on CNF-coated tissue culture plates (TCP) or

3D printed PCL scaffolds after etching with NaOH.

Materials and Methods

Preparation and characterization of CNF

Fully bleached, never-dried softwood kraft pulp was kindly donated by Sodra Cell (Véxjo,
Sweden). Nanocellulose was produced by chemical and mechanical treatments, according to a
previously described method??. Briefly, 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) (Sigma-
Aldrich, MO, USA) was used to catalyze the oxidation of the alcohol groups, using sodium bromide
(NaBr). The oxidized kraft pulp (1 % consistency) was then homogenized at 1000 bar pressure
(APV, SPX Flow Technology, Silkeborg, Denmark). The content of the carboxyl and aldehyde

groups was determined by conductometric titration using an automatic titrator (Metrohm 902



Titrando). This analysis was repeated after oxidation of aldehyde groups to carboxyl groups with
NaClO.. The aldehyde content was calculated from the difference in carboxylate content before
and after the oxidation. To evaluate the structure of the prepared CNF, glass coverslips were coated
with CNF suspension and incubated at 37°C overnight to evaporate the water. Surfaces were
analyzed by optical microscopy (Nikon Eclipse Ti, Tokyo, Japan), field emission scanning electron
microscopy (SEM; JEOL JSM-7400F, Tokyo, Japan) and atomic force microscopy (diMultiMode

V AFM, Bruker, USA).

3D printing and surface modifications of PCL scaffolds

PCL (MW 45 kDa, melting temperature = 60°C, Sigma-Aldrich) pellets were melted at 110°C in
a metallic cartridge of 3D-Bioplotter (EnvisionTEC, Gladbeck, Germany) and extruded through a
needle with an inner diameter of 400 um. Square-shaped scaffolds measuring 30 mmx30 mm,
composed of four layers with an orientation of 0°-45°-90°-135° and strand spacing of 1Imm were
3D printed and then punched to fit into 48-well plates. The scaffolds were cleansed with 70%
ethanol for 15 min, etched with 5M NaOH (Sigma-Aldrich) for 6 h and then washed with deionized
H20 until the pH reached 7.4. After etching, the scaffolds were immersed in CNF solution (0.33%
solid content) for 6 h and then freeze-dried for 24 h. To confirm that NaOH etching has no negative
effect on the bulk properties of the 3D printed scaffolds, tensile testing was performed on printed
unmodified and NaOH-etched, four-layered dumbbell-shaped samples at room temperature, using

a material testing system (MTS 858 MiniBionix Il, USA) at a stretching speed of 0.5 mm/s.

Structural and surface characterization of the scaffolds
Stereomicroscopic (Leica M205C, Heerbrugg, Switzerland) images were taken for 2D
morphological characterization of the printed scaffolds. For 3D assessment of the morphology,

porosity and surface area, 3D volume rendered images were obtained with a micro-CT scanner



(Skyscan 1172VR, Kontich, Belgium). To investigate the effect of the surface treatment on the
roughness, SEM images were acquired before and after modifications. To study the effect of the
surface modifications on the wettability of the scaffolds, the contact angle was measured with a
KSV CAM Contact Angle and Surface Tension Meter (KSV Instruments, Finland) with a 3 pL
drop of deionized water. To confirm the stability of the CNF on the printed scaffolds, samples were
stored at room temperature (RT) for 3 months followed by soaking in cell culture medium at 37°C

for 7 days. Stereomicroscope and SEM were used to characterize the stored samples.

Water uptake
Dried scaffolds were initially weighed and then immersed in distilled water colored with crystal
violet blue dye (Merck, Darmstadt, Germany). After 30 minutes, the scaffolds were weighed after

wiping off the excess surface water. The water uptake (%) was calculated as follows:

Wel ht min = Wel ht
Water uptake (%)= (Weig \j\(;eighto ghto) x 100

Total protein adsorption

The scaffolds were incubated in Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies, Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) (HyClone, GE
Healthcare, Utah, USA) at 37°C for 24 h. The scaffolds were then washed with Dulbecco’s
phosphate buffered saline (PBS) (Life Technologies) to remove weakly adsorbed proteins and
incubated in 2% sodium dodecyl sulfate (Sigma-Aldrich) for 20 h. The total amount of protein was
measured by a commercial protein assay kit (Pierce ™BCA Protein Assay, Rockford, IL, USA)

according to manufacturer’s instructions.

Isolation and characterization of hBMSCs



After obtaining patient consent and approval from the Regional Committee for Medical and Health
Research Ethics (REK) in Norway (2013/1248/REK), hBMSCs were isolated from two young
patients at the Department of Plastic Surgery, Haukeland University Hospital, Bergen, Norway.
Briefly, the bone marrow aspirate was filtered through a cell strainer and diluted in DMEM growth
culture medium supplemented with 10% FBS and 1% antibiotics (100 U/ml penicillin and 0.1
mg/ml streptomycin) (GE Healthcare). After centrifugation, the resulting pellet was suspended in
growth culture medium and plated in a 75 cm? culture flask at 37°C in 5% CO,. After 24 h, the
cells were washed with PBS and fresh culture medium was added. For characterization of the
mesenchymal origin, flow cytometry was used with the following stem cell markers: CD34, CD45,
CD73, CD90, CD105 and HLA-DR (BD Biosciences, San Jose, CA, USA).?8 Cells from passages

4-6 were used in the experiments.

Cell seeding

To evaluate cellular responses to CNF, hBMSCs were grown on CNF coated 24-well plates.
Viability, attachment, morphology, proliferation and osteogenic differentiation were assessed. A
volume of 400 pul of CNF suspension (0.33% solid content) was used to cover each well and then
incubated at 37°C to evaporate the water. Uncoated tissue culture polystyrene plates (TCP) were
used as controls. The cell density was 1.5x10* cells/well. To evaluate the cellular response on the
3D printed scaffolds, three groups were used in this study: unmodified PCL, NaOH-etched PCL
and PCL coated with CNF after etching (CNF+NaOH). Unless otherwise stated, cells (2 x 10%/
scaffold) were seeded onto the different scaffolds in 48-well plates. The seeded scaffolds were
cultured in DMEM medium supplemented with B-glycerophosphate disodium salt hydrate,
ascorbic acid and dexamethasone (Sigma-Aldrich). In all experiments fresh medium was supplied

twice a week.



Cell viability, morphology and proliferation on CNF coated surfaces

The viability of the cells cultured on CNF-coated TCP at 1 and 4 days was analyzed by live/dead
staining (Invitrogen, Life Technologies). Cells were incubated in a working solution containing
EthD-1 (stains dead cells red) and Calcein-AM (stains living cells green) for 30 min and then
imaged with a fluorescence microscope (Nikon Eclipse Ti, Tokyo, Japan). Cells cultured on the
3D printed scaffolds were stained after 21 days. To evaluate the toxicity of CNF, lactate
dehydrogenase (LDH) release was measured using a colorimetric kit (Abcam, Cambridge, UK).
The medium corresponding to the live/dead assay was collected after 1 and 4 days and centrifuged
at 10000 x g at 4°C. The enzymatic assay was conducted in accordance with the manufacturer’s

instructions.

To study the morphological changes, the cells cultured on CNF-coated TCP were fixed with 4%
paraformaldehyde after 24h and incubated in a solution of phalloidin-Atto488/PBS (Sigma-
Aldrich) (dilution 1:50) for 45 min at room temperature, protected from light. The cells were then
imaged with a fluorescence microscope. After 4 hours, cells cultured on 3D printed scaffolds were

stained with phalloidin according to the above-described protocol.

Cell proliferation was evaluated using a CYyQUANT cell proliferation assay kit (Invitrogen, Life
Technologies). Briefly, after 3 and 10 days of culture in osteogenic medium, cells grown on CNF-
coated TCP and 3D printed scaffolds were lysed with 0.1% Triton-X100 buffer before freezing (-
80°C). Samples were then subjected to two freeze-thaw cycles and sonicated for 60 seconds. In 96-
well plates, parallel samples of each lysate (20 ul) were mixed with 180 pl of working solution
containing CyQUANT GR dye and cell lysis buffer. The fluorescence at 480/520 nm was measured

with a microplate reader (FLUOstar OPTIMA, BMG LABTECH, Germany).

Cell seeding efficiency and attachment on CNF-coated 3D printed scaffolds



Cells (5 x 10°) were seeded on the 3D printed scaffolds, allowed to attach for 2 h and then covered
with medium. After a further 2 h, the scaffolds were transferred to new wells and cells attached to
the bottom of the wells (unattached to the scaffold) were trypsinized and quantified using an
automated cell counter (Countness™, Invitrogen, CA, USA). Cell seeding efficiency was

quantified as described below:

) ] (Initial cell number — cells unattached to the scaffolds)
Seeding efficiency (%)= — x 100
Initial cell number

After 4 hours and 7 days, spreading of the cells was observed by SEM after fixation with 3%
glutaraldehyde. The fixed scaffolds were vacuum dried, sputter-coated with platinum and imaged

at5 kV.

Immunocytochemical staining
The production of vinculin protein after 24 h of culture and collagen Type-I after 14 and 28 days
of culture on CNF-coated TCP were studied using immunocytochemical staining (ICC). Cells were
fixed with 4% paraformaldehyde (15 min at RT), permeabilized in 0.1% Triton X-100 and blocked
with 1% bovine serum albumin (BSA; Sigma-Aldrich). Mouse monoclonal anti-vinculin (Clone
hVIN-1, V9131, Sigma-Aldrich; dilution1:400) and rabbit polyclonal anti-collage Type I (Abcam;
dilution 1:500) were incubated for 2h at RT under shaking. The secondary antibodies used were;
goat anti-mouse Alexa Fluor 568 1gG (dilution 1:250) and goat anti-rabbit Alexa Fluor 546 1gG
(dilution 1:800) (Life Technologies). The actin cytoskeleton was stained with phalloidin-Atto488
(dilution 1:50), which was incubated simultaneously with the secondary antibodies for 45 min at
RT. Finally, after washing with PBS, the nuclei were stained with 4°,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich) (dilution 1:2000). The samples were imaged with a Nikon inverted

fluorescent microscope. Stained samples without cells were used as blanks and samples with only
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secondary antibody treatment were used as negative controls to confirm that the CNF has no

background staining.

Western blot analysis

The amount of vinculin produced by the cells cultured on CNF-coated plates or the 3D printed
scaffolds after 24 h was determined by Western blot analysis. Cells were lysed directly into 2x
Laemmli sample buffer (Bio-Rad, CA, USA). The proteins in the samples were then separated with
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis). The proteins were
transferred to a polyvinylidene fluoride membrane (PVDF; GE Healthcare, UK). Non-fat milk was
used as a blocking solution. The target proteins were then probed with the following primary
antibodies: mouse monoclonal anti-B-actin (Santa Cruz Biotechnology; Dallas, Texas USA;
dilution 1:2000) and vinculin ABfinity™ recombinant rabbit antibody (Life Technologies; dilution
1:2000). The HRP-conjugated secondary antibodies used were goat anti-mouse IgG and goat anti-
rabbit 1gG (Santa Cruz Biotechnology, dilution 1:2000). Target proteins were detected with
chemiluminescence reagent (ECL; GE Healthcare) using the ChemiDoc MP imaging system (Bio-

Rad, CA, USA).

Alkaline phosphatase activity

ALP activity after 3 and 10 days of culture in osteogenic medium was analyzed from the same
Triton-X 100 lysates used in the proliferation test. Briefly, 90 pl of working solution containing
1:1 Sigma 104® phosphatase substrate and alkaline buffer solution (Sigma-Aldrich) was added to
20ul of each sample lysate in 96-well plates and incubated for 20 min at 37°C. After incubation,
50 pl of 1M NaOH was added to the wells to stop the reaction. Absorbance was measured at 405

nm. The results were normalized to the cell number determined by the proliferation test.

Mineralization

11



Calcium deposition was assessed by Alizarin red S staining. Briefly, cells on CNF-coated TCP
after 28 days and on 3D printed scaffolds after 21 days were fixed with 4% paraformaldehyde for
1 h and stained with 2% Alizarin red (Sigma-Aldrich) solution (pH 4.1) for 15 min at RT. After
washing and air-drying, images were taken with an optical microscope (Nikon, Tokyo, Japan). For
quantification, the color was extracted with 100 mM cetylpyridinium chloride (Sigma-Aldrich) and

the absorbance was measured at 540 nm. Cell-free samples were stained to act as blank samples.

Statistical analysis
Statistical analysis was performed using One-way ANOVA with a Tukey's post-hoc comparison
of the mean using SPSS software (IBM, Armonk, NY, USA). Data are expressed as the mean *

standard deviation (SD). Differences were considered statistically significant at p < 0.05.

Results

Preparation and characterization of CNF

The prepared TEMPO-oxidized CNF material had a gel-like consistency with solid content of 1.06
+ 0.01. Structural investigation by different imaging methods showed that the CNF has a
hierarchical multiscale fibrillary structure, ranging in scale from several micrometers to nanometers
(Figure 2). Conductometric titration disclosed that as well as the hydroxyl groups, the samples

contained aldehyde (211 + 60 pmol/g) and carboxyl (764 + 60 pmol/g) surface groups.
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Figure 2. Structural characterization of the prepared CNF showing the multiscale fibrillary nature.
(A) Macroscopic image of the prepared hydrogel-like CNF. (B) Glass coverslips before and (C)
after coating with CNF. (D) Optical microscope image showing microscale fibers. (E) SEM and

(F) AFM images showing nanoscale fibrils (6.4 nm).

3D printing and surface treatment of PCL scaffolds

The stereomicroscopic images revealed that the printed scaffolds had 1 mm strand spacing and
strand orientation of 0°-45°-90°-135° (Figure 3A). To assess the effect of the etching on the
mechanical properties of the scaffolds, tensile strength testing was conducted on the untreated
control and NaOH-treated PCL scaffolds. Statistical analysis disclosed no significant inter-group
differences in the tensile strength or the moduli (Figure S1). The micro-CT images showed that the
internal structure of the scaffolds comprised complex polygonal geometries with fully
interconnected porosity. Surface area and porosity were quantified from the micro-CT images of
the scaffolds (Figure S2). The percentage porosity of untreated PCL, NaOH treated and CNF coated
samples were 37.6 + 3.3, 38.8 £1.1 and 40.7 £ 1.2%, respectively. The NaOH etching and CNF

coating slightly increased the surface area of the scaffolds compared with the control PCL

13



scaffolds. Moreover, the micro-CT and stereomicroscopic images showed that CNF was clearly
located in the pores and between the layers of the scaffolds (Figure 3B and S2). In addition, cross
sectional analysis of a larger CNF-coated scaffold (15 layers) showed the presence of CNF in the
center of the scaffold (Figure S3). Moreover, stereomicroscopic and SEM images confirmed the
stability of CNF coat on the PCL surface after 3 months at room temperature and after 7 days of
incubation in cell culture medium at 37°C (Figure S4). The SEM micrographs also revealed the
difference in the topography of the PCL surfaces after the surface treatments. Compared with the
smooth flat surface of the control PCL, NaOH etching induced micrometer pits and holes with

nanoscale roughness, while the CNF coating introduced micro-nanoscale roughness (Figure 3C).
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NaOH+CNF

Figure 3. Structural characterization of the 3D printed PCL scaffolds. (A) Stereomicroscope images
of the printed four layers with orientations of 0°-45°-90°-135° and strand spacing of 1mm (Scale

bar: 5mm). (B) Stereomicroscope images of the 3D printed PCL before and after coating with CNF,
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showing the cellulose fibers between the PCL strands. (C) SEM images showing the topographical

changes to the PCL surface after NaOH etching and CNF coating.

Wettability and protein adsorption

To examine the hydrophilic properties of the printed scaffolds, the contact angle and water
adsorption were measured (Figure 4). The contact angle of the PCL before surface treatment was
78.9° = 3.3 and decreased to 31.4° + 5.1 after NaOH treatment. The CNF-coated surfaces showed
a contact angle of 23.5° £ 3.3. Consequently, the unmodified PCL scaffolds showed poor water
uptake after 30 min (Figure 4B). Generally, water adsorption by the CNF-coated scaffolds was 3-
and 2-fold greater than the control and NaOH-treated scaffolds, respectively. Similarly, the NaOH-
treated scaffolds showed improved protein adsorption but compared with the untreated PCL, the
difference was not significant (Figure 4C). In contrast, protein adsorption on the CNF-coated

scaffolds was significantly higher than in the other groups.

Cell viability, proliferation, morphology and attachment

To study the interactions of the CNF with cells, hBMSCs were isolated, characterized and cultured
on CNF-coated TCP and 3D printed scaffolds. The isolated cells exhibited strong expression of
the surface proteins CD73, CD90 and CD105 (=99 %), but negative expression of hematopoietic
markers CD34, CD45 and HLA-DR (< 2%), thus verifying the mesenchymal origin of the stem
cells. In order to compare the viability of hBMSCs on CNF-coated surfaces, live/dead staining and
LDH assay were conducted. Generally, the results demonstrated that the CNF coating maintained
cell viability (Figure 5 and S5). Very few dead cells were detected on CNF-coated TCP or on
control TCP after 1 and 4 days, while no dead cells were observed on the 3D printed scaffolds at
day 21. The measurement of LDH release from the cells on CNF-coated TCP showed a significant

reduction from day 1 to day 4, which was similar to the control group. Although there was no

16



significant intergroup difference in the release of LDH, at day 4 the release was slightly lower in

the CNF-coated group than in the control group.
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Figure 4. Surface wettability and protein adsorption. (A) Initial contact angle (*p < 0.001; n = 3).
(B) Water uptake (*p <0.001; n =6). (C) Relative protein adsorption (*p < 0.001; n = 6). NS = not

significant.
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Figure 5. Cell viability and cytotoxicity on CNF-coated TCP at 1 and 4 days. (A) Cell viability by

live/dead staining. (B) Cell cytotoxicity by LDH release (*p < 0.001; n =5).

As presented in Figure 6A, the seeding efficiency on 3D printed scaffolds was determined after 4
h and was significantly higher for the CNF coated scaffolds than for other groups. Moreover, SEM
images showed that the CNF between the printed strands also permitted cells to attach to the top
layer (Figure 6B). Generally, cell proliferation increased on all the 3D printed scaffolds from day
3 to day 10. SEM images confirmed the proliferation from 4 h to day 7: at day 7 all the scaffold
surfaces were covered by cell sheets (Figure 6D). The quantitative results of the cell proliferation
are shown in Figure 6C. The number of cells on the CNF-coated 3D printed PCL was significantly
higher than on the untreated 3D PCL scaffolds at 3 and 10 days. On the other hand, an initial
decrease in the number of cells on the CNF-coated TCP was detected at day 3 (Figure 7), yet in
both TCP groups the number of cells increased significantly from day 3 to day 10. After 10 days

there was no significant difference between the TCP groups.
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Figure 6. The influence of CNF coating on the seeding efficiency and proliferation of hBMSCs on
3D printed scaffolds. (A) Seeding efficiency after 4 h (*p < 0.001; n = 3). (B) SEM images of the
3D printed scaffolds showing the attached cells (arrows) on the top layer of CNF-coated scaffolds
after 4 h; cells in the other groups passed to the underneath layers. (C) Proliferation of hBMSCs

on the 3D printed PCL scaffolds (*p < 0.001; n = 5). (D) SEM images showing proliferation and

spreading of the cells after 7 days.
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Figure 7. Proliferation of hBMSCs on CNF coated-TCP after 3 and 10 days. Significance between

time points in the same group; *p < 0.001 and between different groups; #p < 0.001; (n = 5).

Morphological observations of the effect of CNF on the cells were obtained from phalloidin
staining of the actin cytoskeleton and SEM images. On all the TCP and PCL surfaces, the
cytoskeleton was well-organized with aligned straight actin fibers inside the cells. More elongated
cells were found on the CNF-coated surfaces (Figure 8 and S6). ICC and Western blotting were
undertaken to evaluate the production of proteins related to cell adhesion (Figure 8). Double-
staining of vinculin and actin at 24 h clearly showed production of vinculin and confirmed the
elongated morphology of the cells on the CNF-coated TCP. Western blot images showed that
compared to the control groups, after 24 h the CNF-coated surfaces supported comparable
production of vinculin. In contrast to the relatively short filopodia on the untreated PCL, SEM
micrographs at high magnification revealed that on modified PCL surfaces the cells developed

filopodia to detect the surrounding environment (Figure 9).
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Figure 8. Cell attachment on TCP and 3D printed scaffolds (A) Immunostaining and (B) Western
blot analysis showing vinculin production in cells cultured on CNF-coated TCP after 24 h. (C)
Fluorescent images of cell cytoskeleton stained by phalloidin on 3D printed PCL scaffolds after 4
h. (D) Production of vinculin in cells cultured on CNF-coated 3D printed PCL after 24 h, by

Western blot.

Alkaline phosphatase activity

ALP activity, an early marker of osteogenic differentiation, was analyzed to assess the osteogenic
potential of the CNF-coated surfaces. After normalization to the total cell amount, ALP activity
was found to be elevated in all groups from 3 to 10 days. However, this difference was statistically
significant only in the CNF-coated groups. Moreover, at day 10, ALP activity was significantly

higher on the CNF-coated surfaces than on the uncoated groups (Figure 10).
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Figure 9. SEM images showing the influence of the topographical changes of the modified 3D

printed PCL surfaces on the filopodia of the cells after 4 h.
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Figure 10. ALP activity after 3 and 10 days. (A) ALP activity of the cells on TCP surfaces. (B)
ALP activity of the cells on 3D printed PCL before and after surface modifications. (*p < 0.001; n

= 5),

Production of collagen Type I

After 14 days, collagen Type-1 production was enhanced in the cells cultured on CNF-coated TCP
compared to the control TCP (Figure 11). Moreover, collagen Type-1 was clearly secreted by the
cells to the ECM. However, after 28 days, the TCP groups showed similar production of collagen
Type-1. The control samples confirmed that the CNF has no background staining in the collagen

Type-1 ICC and that the secondary antibody does not bind in unspecific ways (Figure S7).

Mineralization

In order to study the late stages of osteogenic differentiation, after 28 days TCP samples were tested
by staining with Alizarin red S. As shown in Figure 12, CNF-coated TCP induced extensive
mineral formation compared to the control TCP. After quantification, CNF-coated plates showed
a 3-fold increase in mineralization. On the 3D PCL scaffolds, both the NaOH etching and the CNF
coating enhanced the mineralization after 21 days. However, the only significant difference was
between the CNF-coated PCL and the untreated PCL control group (Figure 12B). The blank
samples (without cells) confirmed that the CNF does not cause background interference with the

Alizarin red S stain (Figure S8).
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Figure 12. Mineral formation by Alizarin red S. (A) Mineralization on TCP surfaces at day 28 (*p

< 0.005; n =5). (B) Mineralization on 3D printed PCL scaffolds at day 21 (*p < 0.05; n =5).

Discussion

The structural similarity of nanocellulose and collagen suggests that cellulose might be an
appropriate material for application in the development of bone scaffolds. However, most tissue
engineering studies of nanocellulose to date have been limited to the application of bacterial
nanocellulose (BNC) in soft tissue regeneration.?! There are also a limited number of reports
investigating the osteogenic potential of BNC in vitro and in vivo.?3! In this study, it was
hypothesized that coating 3D printed PCL scaffolds with CNF after NaOH etching would improve
surface properties and subsequently cell behavior. To prepare the CNF material, TEMPO-oxidation
was chosen because it has the ability to produce nanoscale fibrils with aldehydes and carboxyl
groups on the surface.?? For PCL scaffolds, it is known that NaOH etching improves the surface
wettability of polymers by increasing surface hydrophilic groups such as carboxyl and hydroxyl
groups.®> 23 In addition to the enhanced hydrophilicity, NaOH etching is reported to introduce
nanoscale roughness which improves cell adhesion.* Therefore, PCL surface was etched to
produce hydrophilic rough surface, which would allow the CNF to be adsorbed onto the surface of
the polymer. Moreover, the 0°-45°-90°-135° lay-down pattern was selected to entrap the CNF
between the layers of the scaffolds. A remarkable finding was that the combination of NaOH
surface treatment and CNF coating had synergistic effects: significant enhancement in surface
wettability which is reported to have strong effects on protein adsorption and consequently on cell
adhesion.* In addition, protein adsorption is strongly related to other surface properties, such as
chemistry and roughness.®® 3 McClary et al. reported that carboxyl groups not only improved

protein adsorption but also supported favorable protein conformation.®” Scopelliti et al. showed
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that protein adsorption is highly dependent on surface nanostructures.®® Jeon et al. suggested that
the nanoscale features on PCL scaffolds may act as protein-binding sites.*® Thus, the results of the
present study indicate that the enhanced protein adsorption on CNF-coated scaffolds is related to
the enhanced surface roughness, wettability and the presence of carboxyl and aldehyde groups on
the CNF. It is likely that the aldehyde groups form a Schiff’s base interaction with the amine groups
of the proteins, thus facilitating the protein adsorption.3®

As with BNC, little is known about the effect of wood-based nanocellulose on the behavior
of hBMSCs. These cells were selected for the study because their high therapeutic and regenerative
potential is well-established.*® The nontoxic effect of the CNF coating was confirmed by the
live/dead stain and the measurement of LDH release from the cells. With respect to cell
proliferation, the reduction in cell numbers, observed after 3 days, on the CNF-coated TCP
compared with the TCP control, might be due to the increased differentiation potential of hBMSCs
on the CNF surface. It has been reported that hBMSCs on PCL nanofiber scaffolds proliferate
slowly during the osteogenic differentiation phase.** Nonetheless, proliferation increased
significantly from day 3 to day 10, which confirms the ability of CNF to support cell proliferation.
These findings are in accordance with those of several previous studies showing that the
physicochemical properties of CNF martial enable it to support cell proliferation, maintain cell

viability and regulate cell spreading and morphology.?* 4?43

Unlike the CNF-coated TCP, at day 3 the CNF-coated 3D printed PCL scaffolds had
significantly higher numbers of cells than the control PCL scaffolds. This can be attributed to the
improved cell seeding efficiency and cell attachment during the first few hours. 3D printing of
biomaterials tends to produce scaffolds with interconnected open pores.® Cell suspensions can

easily pass through these pores, resulting in low seeding efficiency.** The CNF between the PCL
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layers is likely to act as a hydrophilic physical barrier to the flow of the cell suspension through
the pores, thus increasing the surface area and providing additional sites of adherence for the cells.
Under similar conditions, electrospinning of collagen nanofibers between 3D printed PCL strands
was reported to improve significantly the hydrophilicity, initial attachment and proliferation of
osteoblast-like cells.!” 1 Notably, the NaOH-etched surface alone showed no significant difference
in the cell proliferation from the unmodified PCL scaffolds. In support of these findings, Kumar et
al. reported that both solvent-etched and unmodified 3D printed PCL scaffolds support

proliferation of hBMSCs without significant differences, up to 62 days.*

It is suggested that adhesion and spreading of mesenchymal stem cells occur in the first
phase of cell-material interactions and influence the fate of the cells.*® The hierarchical structure
of scaffolds with micro-nanoscale features was reported to improve cell attachment, alignment, and
spreading.*® In the current study, SEM and AFM revealed that the CNF coating had a micro-
nanoscale fibrillary structure. The microscale topography may dictate cell behavior by affecting
whole cell morphology, while the nanoscale topography can interact with cellular sensing
mechanisms such as filopodia and membrane receptors.*’” Filopodia are highly organized long
bundles of actin filaments that have a role in cell adhesion.*®*® Zhu et al. reported that smooth
surfaces prevent extensions of osteoblastic filopodia, while on surfaces with micron and submicron
roughness, cells developed strong anchorages.*® In accordance with these reports, it is likely that
the multiscale roughness of our CNF-coated scaffolds triggered the formation of cell anchorage

filapodial extensions and offered favorable substrate for cell adhesion.

The adhesive capacity of the cells seeded onto CNF was confirmed by the production of
vinculin protein, which regulates cell attachment-initiated signaling events.*® Vinculin is known

to be one of the focal adhesion molecules, involved not only in the connection between integrins
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and the actin cytoskeleton, but also in the regulation of differentiation of mesenchymal stem cells
via mechanotransduction.®® The ability of CNF to stimulate the production of focal adhesion
proteins could be attributable to the multiscale fibrillary structure as well as the surface
chemistry.® % Surfaces with carboxylic groups were found to increase stem cell growth through
up-regulation of focal adhesion components.> As the results of the present study showed that the
physicochemical features of CNF enhanced protein adsorption, it is likely that proteins such as
fibronectin and vitronectin in the adsorbed protein layer activated the focal adhesion pathway and
increased the formation and organization of the actin cytoskeleton.*® In addition, the shape and
cytoskeleton organization of mesenchymal stem cells are known to dictate their fate by regulating
different pathways such as the RhoA-ROCK signaling pathway.*! > > Rounded cells tend to
become adipocytes, while cells which spread tend to differentiate into osteoblasts.> The results
showed that the cells cultured on CNF-coated surfaces adopted an elongated, well-spread

morphology, which suggests their potential to differentiate towards osteoblasts.

The ability of CNF to differentiate hBMSCs was confirmed by the elevated ALP activity,
mineral formation and collagen Type-1 production. Alkaline phosphatase activity is known to be a
prerequisite for the mineralization of the ECM and is closely associated with cellular
differentiation.’® > Moreover, the enhanced deposition of collagen Type | on CNF-coated TCP
could explain the extensive formation of minerals, disclosed by Alizarin red S staining. It is well-
known that the mineralization of bone ECM depends on the formation of a dense collagen Type |
platform where calcium deposition can take place.®® It is of interest to note that bone marrow
mesenchymal cells from osteoporotic donors were found to produce an ECM deficient in Type |

collagen, favoring adipogenic differentiation of cells.>” This correlation between early (ALP) and
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late (Alizarin red) mineralization of the collagen Type | matrix secreted by the cells are in

agreement with other reports.5® °

Generally, differentiation of mesenchymal stem cells is thought to be regulated by both
physical and chemical cues, triggering different signaling pathways which guide the cells to
different lineages.>! %3480 Kumar and colleagues suggested that the physical structure of scaffolds
is more influential than chemical composition as determinants of differentiation of hBMSCs.%!
They showed that in the absence of osteogenic supplements, only polymeric scaffolds with
nanofibrous morphology were able to drive the cells down the osteogenic lineage. Additionally,
Khang et al. suggested that the nano-submicron roughness is influential in promoting osteoblast
differentiation, initiating integrin activation and accelerating the expression of cyclins.®® At the
level of surface chemistry, Griffin et al. demonstrated that the introduction of carboxyl and amine
groups to nanocomposite scaffolds regulates the differentiation of adipose stem cells towards
osteogenic or chondrogenic lineages.>® However, the cell-scaffold interaction is a complicated

dynamic process and cannot be limited to the impact of a single individual surface feature.

It is of interest to note that the present results are in accordance with the few reports in the
literature about the osteogenic potential of BNC, though some of these scaffolds were
functionalized with osteogenic growth factors or nano-ceramics.?® % 1 Moreover, the improved
surface and biological properties of the PCL scaffolds in the current study are comparable to results
obtained from other modification methods such as plasma treatment and protein immobilization.®
43 Plasma-treated 3D printed PCL scaffolds demonstrated enhanced cellular activities, mediated by
improving the hydrophilicity and introducing nanoscale roughness to the surface. However, plasma
treatment, unlike CNF coating, may suffer from aging that may happen over the storage, leading

to changes to the modified surface of the polymers.®?
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Conclusions

Numerous studies have investigated different methods to enhance the osteogenic performance of
3D printed polymeric scaffolds. However, to date there are no studies reporting the use of CNF
materials. The current study showed that, firstly, CNF significantly increased surface roughness,
wettability and protein adsorption of PCL scaffolds. Secondly, the study demonstrated the ability
of the CNF alone to maintain the viability, proliferation and differentiation of hBMSCs on CNF-
coated tissue culture plates. CNF supported an elongated cell morphology and enhanced ALP
activity, formation of collagen Type | and mineralization. Finally, the results showed superior cell-
seeding efficiency on the CNF-coated 3D printed PCL scaffolds, and accordingly improved cellular
attachment, proliferation and osteogenic differentiation. These findings suggest that wood-based
nanocellulose, applied as a surface coating for open porous 3D printed scaffolds, can enhance

hBMSCs differentiation in vitro and warrants evaluation in bone tissue regeneration in vivo.
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