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ABSTRACT: Bacterial nanocellulose (BNC) is a 3D network of nanofibrils
exhibiting excellent biocompatibility. Here, we present the aqueous counter
collision (ACC) method of BNC disassembly to create bioink with suitable
properties for cartilage-specific 3D-bioprinting. BNC was disentangled by
ACC, and fibril characteristics were analyzed. Bioink printing fidelity and
shear-thinning properties were evaluated. Cell-laden bioprinted grid
constructs (5 × 5 × 1 mm3) containing human nasal chondrocytes (10 M
mL−1) were implanted in nude mice and explanted after 30 and 60 days.
Both ACC and hydrolysis resulted in significantly reduced fiber lengths, with
ACC resulting in longer fibrils and fewer negative charges relative to
hydrolysis. Moreover, ACC-BNC bioink showed outstanding printability,
postprinting mechanical stability, and structural integrity. In vivo, cell-laden
structures were rapidly integrated, maintained structural integrity, and
showed chondrocyte proliferation, with 32.8 ± 13.8 cells per mm2 observed after 30 days and 85.6 ± 30.0 cells per mm2 at day
60 (p = 0.002). Furthermore, a full-thickness skin graft was attached and integrated completely on top of the 3D-bioprinted
construct. The novel ACC disentanglement technique makes BNC biomaterial highly suitable for 3D-bioprinting and clinical
translation, suggesting cell-laden 3D-bioprinted ACC-BNC as a promising solution for cartilage repair.
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1. INTRODUCTION
Deficient or absent cartilaginous tissues and organs pose a
significant challenge in reconstructive plastic surgery. Existing
surgical methods involving autologous transplantations of
cartilage are technically demanding for the plastic surgeon
and strenuous for the patients.1 3D-bioprinting is an emerging
technology where living cells can be spatially arranged by
depositing cells and scaffolding biomaterial in any shape using
a 3D-bioprinter. Chondrocytes and cartilaginous tissue are
becoming a well-studied field in the 3D-bioprinting scientific
community, with several reports show promising results.2−5

However, challenges remain before an introduction of 3D-
bioprinting of cartilage to the clinic. First, the scarcity of
autologous progenitor cells (i.e., chondrocytes) from which
chondrogenesis emanates needs to be addressed. One
promising way to overcome this issue is to take advantage of
the subsidiary proliferative effects of stem cells.6 The beneficial
presence of stem cells has been shown in several studies, with

their boosting capability exerted through paracrine signal-
ing.7−9 Second, vascularization issues need to be resolved in
order to enable reconstruction of larger, more complex
composite structures. The diffusion of oxygen and nutrients
is limited to ∼200 μm, and thicker structures require
vascularization to survive and ensure sufficient neoangio-
genesis.10 Some studies utilized porous materials to reduce the
diffusion distance,11,12 whereas others addressed vasculariza-
tion by introducing endothelial cells and prefabricated
microscopic tubes to guide angiogenesis more efficiently.13,14

A review by Rouwkema and Khademhosseini provides a
comprehensive overview addressing these issues.15 Third, long-
term preclinical results need to be evaluated with regard to
plausible ossification,16−18 and neoplastic transformation,19 as
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well as the preservation of coveted biomechanical features
(e.g., elasticity, shape fidelity, and tissue integration).
In addition to these biological factors, the 3D-bioprinting

technique needs to be adapted and improved biomechanically,
particularly concerning the scaffolding biomaterial (i.e.,
bioink). 3D-bioprinting technology allows for micrometric
precision of the architecture in the scaffolds and also provides a
cell-friendly environment that is far more advantageous than
other scaffold-producing methods, which struggle to control
the 3D morphology, as well as the cell distribution, within the
constructs.20−27 Bioinks mimicking the biological and physical
properties of extracellular matrix (ECM) are necessary for
providing a cell-friendly environment. From a biological aspect,
an ideal bioink must incorporate cells and other bioactive
factors homogeneously and must not contain immunogenic
and toxic byproducts of degradation. The printed constructs
should have a good porosity for diffusion of oxygen, nutrients,
and metabolites; can be processed under mild cell-friendly
conditions; and should produce little to no irritation. So far, a
range of natural polymers have been implemented and 3D-
bioprinted especially for tissue regeneration. However, only a
few of them have received a common interest due to
printability issues and lack of complexity of natural
extracellular matrix (ECM) and thus are unable to reconstitute
the intrinsic cellular morphologies and functions.
A 3D-bioprinter can distribute several different types of cells

with high spatial resolution, enabling the replication of the
microarchitecture and complexity of human tissues and
organs.28 However, cell suspensions have low viscosity, making
it impossible for the cells to remain in their predetermined

positions. One way to overcome this is to combine human cells
with a supporting biomaterial in the liquid phase (i.e., bioink).
Hydrogels are suitable materials for bioinks used in 3D-
bioprinting because of their high water content, which is a
crucial environmental factor for cell survival.29 A new
generation of bioinks based on nanocellulose fibrils was
recently introduced.30 Nanocellulose fibrils biosynthesized by
plants enable high printing fidelity, retained porosity, and,
when combined with alginate, have been successfully evaluated
for 3D-bioprinting of cartilage and adipose tissue.8,30−33 In
addition to biocompatibility, the bioink also needs to be
printable with high resolution and exhibit good rheological
properties and printability.
Bacteria-produced nanocellulose (BNC) is a nanostructured

biomaterial of high purity and comprising strong nanofibrills
∼30 nm in diameter and with lengths of several microns. BNC
is produced by the Gram-negative bacteria Gluconacetobacter
xylinus, and the 3D network of BNC possesses significant
water-retention capacity (99 wt %).34 Furthermore, BNC
shows remarkable biocompatibility and tissue-integration
capability due to its highly hydrated fibrils and their
morphological similarity to components in the native
extracellular matrix.25,26,35−40 BNC is thoroughly biologically
evaluated, Food and Drug Administration (FDA) approved for
several applications, and, thus, readily transposable to human
clinical use.41,42 These characteristics enabled the introduction
of BNC-constructed materials into the clinic for applications
that include wound and burn dressings, such as Bioprocess
(Fibrocel Produtos Bioetecnologicos, Curitiba, PR Brazil),
XCell (Xylos Corporation, Langhorn, PA, USA), Dermafill

Figure 1. (A) ACC disassembly. Schematic representation of the ACC system using impinging dual aqueous-suspension jets. (B) Disassembly
methods. After a 7 day cultivation, the BNC pellicle is mechanically stable, with its structural integrity due to the complex 3D network resulting
from the bacterial bioassembly process. SEM analysis shows the highly entangled nanofibrillar network (scale bar = 10 μm). AFM after hydrolysis
(top) and after ACC (bottom) disassembly (scale bars = 1 μm). (C) DLS analysis. The hydrodynamic size of hydrolyzed BNC (red) and ACC-
treated BNC (blue). Longer fibrils are present in the ACC-BNC (logarithmic x-bar). (D) Rheology. Rheologic features of the shear-thinning
behavior of the disassembled BNC hydrogels. Hydrolyzed BNC (red) and ACC-BNC (blue). The rheologic features were similar, but ACC-BNC
needed only 2.5 wt % dry content as compared to 5 wt % required by hydrolyzed BNC. (E) Very good printing fidelity and resolution were
exemplified by a bioprinted grid structure, and both bioinks were successfully used to bioprint an auricle and a self-supporting tube.
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(Cellulose Solutions, Bainbridge, GA, USA), surgical meshes
[e.g., Securian (Xylos Corporation, USA)], and dura mater
substitutes [e.g., SyntheCel (DePuy Synthes Biomaterials,
West Chester, PA, USA)]. The biotechnological production of
BNC permits control of the network structure, as well as the
3D shaping and surface design of BNC implants. Con-
sequently, BNC has also been fabricated with desired shapes
and architectures for a variety of biomedical applications,
including artificial blood vessels20,21,23,24 and meniscus and
auricular cartilage.22,25 Additionally, BNC has been used to
support osteoblasts, chondrocytes, fibroblasts, and stem cells.27

Among the most important material requirements for an
ideal bioink are rheological properties, particularly shear-
thinning properties. Biopolymers, such as collagen, alginate,
hyaluronate, and chitosan, have been successfully evaluated as
bioinks for printing human tissues, such as skin and
cartilage.43−48 However, the viscoelastic properties of these
biopolymers have limitations when used as bioinks. The low
viscosity at high shear rates, which corresponds to the flow
conditions in the printing nozzle, is advantageous for high
printing speed, but the stress-relaxation characteristics and the
not sufficiently high viscosity at zero shear rates make it
difficult to print these biopolymers with line widths <400
μm.49 To mimic the microarchitecture of native organs and
tissues, 3D-bioprinting requires much higher fidelity. Fur-
thermore, postprinting, the bioink needs to be cross-linked in
order to provide a mechanically stable construct. Cells
encapsulated in such cross-linked constructs will not survive
because of the diffusion limit of oxygen and nutrients.
Therefore, the porosity of the constructs is also of major
importance.
3D-bioprinting technology can be swiftly translated to the

clinic when Food and Drug Administration-compliant
biomaterials are used. Additionally, BNC biosynthesis can be
performed in Good Manufacturing Practice facilities, including
a meticulous purification process which yields a biomaterial
with very low levels of endotoxins.25 However, the biggest
challenge with BNC use in 3D-bioprinting is the disentangle-
ment of the extremely intricate BNC fibril network formed
during biosynthesis, which is impervious to current defib-
rillation methods utilized to prepare plant-derived nano-
cellulose.50 Without proper disentanglement, the fibrils flock
and clog the nozzle of the bioprinter. Therefore, this issue has
impeded the use of BNC as bioink.
Recently, a novel method for disintegrating hierarchically

organized biobased materials into nanosized fibrils using the
collision energy of dual water jets was invented by Kondo et
al.51−58 This technique, termed aqueous counter collision
(ACC), successfully dissociates weaker intermolecular inter-
actions, such as those joined by van der Waals forces in
biobased materials, without any chemical modification. In the
ACC system, an aqueous suspension containing microsized
samples of the biomaterial is exposed to the water jets (Figure
1A), and as the water collides with the biomaterial, the water
molecules transfer their kinetic energy, resulting in disintegra-
tion and fibril disentanglement. When ACC is applied to a
bacterial cellulose pellicle, it disassembled into single cellulose
nanofibrils. As shown with transmission electron microscopy
(TEM) analysis by Kose et al.,55 the length and width of the
ACC-BNC fibrils decrease along with increasing ACC passes.
Furthermore, they also demonstrated evidence of changing
surface characteristics imposed by the ACC treatment. BNC
secreted by G. xylinus comprises two crystalline phases:

cellulose Iα and Iß (at a 65%:35% ratio).59,60 In subsequent
studies of the ACC technique, Kondo et al.53 showed that the
ratio of cellulose Iα relative to that in total crystal phases in
native BNC decreases along with the number of passes,
whereas the cellulose Iβ phase increases.
The present study compares two fibril disassembly methods,

hydrolysis or ACC disintegration, for the creation of a 3D-
bioprinter-compatible BNC bioink. Here, we describe the
entire sequence from the biosynthesis of bacterial cellulose,
purification, disassembly, and bioink preparation to verification
of BNC adequacy as a bioink for 3D-bioprinting of human
chondrocytes in vivo.

2. EXPERIMENTAL SECTION
2.1. BNC Biosynthesis. Bacterial growth media61 (50 mL) in

Petri dishes (9 cm in diameter) were inoculated with precultured G.
xylinus subspecies sucrofermentas (BRP2001; 700178; LGC Promo-
chem, Boras̊, Sweden) and placed in an incubator at 30 °C for 7 days.
The obtained BNC pellicle was purified in an in-house-built perfusion
system as described previously.25 Briefly, the BNC was perfused with
0.5 M sodium hydroxide (NaOH) at a flow rate of 5000 L h−1 and a
pressure of 50 kPa for 28 days. The alkaline solution was replaced
every second to third day and was then removed from the BNC by
perfusing it with deionized (DI) water until the pH of the drained
water was ∼7. The DI water was replaced every day for 7 days, after
which the BNC was washed with Milli-Q water (Merck Millipore,
Billerica, MA, USA) to further remove the alkaline solution and
neutralize the pH. The Milli-Q water was replaced twice daily for 7
days and rinsed with endotoxin-free water (HyClone cell-culture-
grade water; Thermo Fisher Scientific, Waltham, MA, USA), followed
by steam sterilization (100 kPa at 121 °C for 20 min; Varioklav Steam
Sterilizer 135T; Thermo Fisher Scientific) and then disassembly.

2.2. BNC Disassembly by Hydrolysis. Hydrolysis was
performed by treating 100 g of BNC (1 g cellulose) with 19 wt %
sulfuric acid at 60 °C for 24 and 48 h, after which the reaction system
was cooled and neutralized with 1 M NaOH. The sample was then
washed thoroughly with DI water and centrifuged five times for 15
min at 4000 rpm. The BNC was then resuspended in 300 mL of
endotoxin-free water (HyClone cell-culture-grade water; Thermo
Fisher Scientific) and homogenized at 20 000 rpm for 10 min
(ULTRA-TURRAX; IKA, Staufen, Germany). The obtained colloidal
dispersion was then centrifuged five times for 15 min at 4000 rpm.
The dispersion was further concentrated to 4 wt % by means of
ultrafiltration using a Waters ultrafiltration unit (Waters Corporation,
Milford, MA, USA) and a polytetrafluoroethylene membrane with a 1
kDa molecular weight cutoff.

2.3. BNC Disassembly with ACC.Mechanical homogenization of
the BNC pellicles was achieved by cutting them into small pieces,
disintegrating them in a high-intensity mixer (0.4 wt % concentration
at 20 000 rpm for 5 min; ULTRA-TURRAX; IKA), and then
submitting the BNC dispersion to the ACC procedure (ACC system;
Sugino Machine, Toyama, Japan) at 200 MPa of ejecting pressure in a
cycle of 30 rounds. The ACC dispersion was concentrated to 2.5 wt %
by centrifugation (JOUAN CR 3i multifunction; Thermo Fisher
Scientific), and the supernatant excess was removed. A complete
description of the ACC method can be found in Kondo et al.54

2.4. SEM and AFM. SEM was used to provide an explicative
overview of the intricate fibril network in the BNC before disassembly
(the SEM method is described in Supporting Information S1). AFM
was used to measure the fiber dimensions in both ACC-BNC and
hydrolyzed BNC (the AFM method is described in Supporting
Information S2).

2.5. DLS. The average hydrodynamic size and zeta (ζ-potential,
i.e., the average charge of the fibrils) of the hydrolyzed and ACC-
treated BNC were measured using DLS (Nano ZS-ZEN3600;
Malvern Instruments, Malvern, UK).
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2.6. Rheology. Rheological properties were evaluated in both
ACC-BNC and hydrolyzed BNC. These methods are described in
Supporting Information S3.
2.7. Cells. hNCs were harvested from a male donor undergoing

septum rhinoplasty at the Department of Otorhinolaryngology of Ulm
University Medical Centre (Ulm, Germany). The harvesting was
approved by the Ethical Advisory Board at Ulm University (Dnr 152/
08). The chondrocytes were cultured in Dulbecco′s modified Eagle
medium/F-12 (Life Technologies, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (HyClone; GE Healthcare,
South Logan, UT, USA) and 1% penicillin/streptomycin (HyClone;
GE Healthcare) for 6 days before printing.
Preceding the mixing procedure with the ACC-BNC, the cells were

trypsinized, centrifuged, and counted using the trypan blue dye-
exclusion method.65 The mixing procedure of the bioink and cells was
performed with a cell mixer (CELLINK AB, Gothenburg, Sweden) at
an 11:1 ratio. The final bioink cell density was 10 M cells mL−1.
2.8. Bioink Preparation. For preparation of the bioinks,

hydrolyzed BNC (5 wt % dry content) or ACC-BNC (2.5 wt %
dry content) was mixed with D-mannitol (Sigma-Aldrich, St. Louis,
MO, USA) to reach 4.6 wt % mannitol in the aqueous phase in order
to retain the osmolarity.62 The dispersion was then sterilized by an
electron beam at 25 Gy for 5 min (Herotron E-Beam Service,
Bitterfeld-Wolfen, Germany).
Sterile alginate (SLG100 Mw: 150−250 kDa; FMC Biopolymers,

Oslo, Norway) containing >60% of α-1-guluronic acid and diluted to
a concentration of 2.5% (w/v) in a 4.6% (w/v) aqueous solution of D-
mannitol was used to prepare the bioinks by mixing at an 80:20
BNC/alginate ratio.
2.9. 3D-Bioprinting. 3D-bioprinting was performed using two

different printers. For explicative shapes (an auricle, a hollow tube,
and a high-resolution grid), a Discovery printer (RegenHu, Villaz-St-
Pierre, Switzerland) was used (this method is described in Supporting
Information S4). For in vivo analyses, an INKREDIBLE printer
(CELLINK AB) was used (this method is described in Supporting
Information S5).
2.10. Animals. Female, nude Balb/C mice (n = 26; 8-weeks old;

Scanbur, Karlslunde, Denmark) were used for the animal studies.
Animals were kept on a sawdust floor in macrolon cages at room
temperature (20 °C) and illumination on a 12 h/12 h light/dark
cycle. Food and water were ad libitum, and the well-being of the
animals was assessed daily by animal keepers and, if needed, a
veterinarian. Animal experiments were approved by the Ethics
Committee for experimental animals at the University of Gothenburg
(Dnr 119-2015).
2.11. Experimental Design. The animals were divided into two

groups: those in A (n = 12) carried the cell-laden constructs, and
those in B (n = 12) carried the cell-free constructs. The constructs
were surgically implanted in subcutaneous pockets on the backs of the
mice. Intraperitoneal injection of a mixture of ketamine (50 mg/mL)
and medetomidine (1 mg/mL) at a 1.5:1 ratio induced general
anesthesia. Each animal received 0.04 mL of anesthetic solution per
20 g body weight. The pockets were closed with Vicryl Rapid
(Ethicon, Sommerville, NJ, USA).
After 30 and 60 days, respectively, the mice were euthanized and

the constructs retrieved, fixated in 4% buffered formaldehyde
supplemented with 20 mM CaCl2 overnight at 4 °C, and embedded
in paraffin.
Additionally, and consistent with a clinical point of view, we added

a third group with only two animals. One of these two received an
ACC-BNC construct with hNCs similar to those in group A, but was
again anesthetized on day 45. The other mouse served as a full-
thickness skin-graft donor. The skin graft was sutured onto the BNC-
hNC construct with microsutures (Prolene 8−0; Ethicon), and the
transplanted and native skin was also sutured edge-to-edge. On day
60, the construct and skin were excised and submitted to the same
preparations as described above for groups A and B.
2.12. Morphological Analysis. For morphological analysis and

analysis of glycosaminoglycan (GAG) production, one core section (5
μm) from every explanted construct was chosen. Deparaffinized

sections were stained with Alcian Blue and van Gieson and scanned
using a Nikon Eclipse 90i epi-fluorescence microscope equipped with
a Nikon DS-Fi2 color head camera and NIS-Elements software
(vD4.10.02; Nikon Instruments, Melville, NY, USA). The images
were imported into PhotoShop (Adobe Systems, San Jose, CA, USA),
and the area of the sections was determined.

All GAG-positive cells, defined as a cell nucleus surrounded by
blue-stained GAGs in the extracellular matrix, in each section were
manually counted, and the regions occupied with GAG-positive cells
were encircled. The number of GAG-positive cells was presented as
the number of cells ± standard deviation (SD) per mm2. The GAG-
positive cell-cluster areas were related to the area of the section.
Additional information about the histological sections is provided in
Figure S1. Immunohistochemical and FISH analyses are described in
detail in Supporting Information S6 and S7.

2.13. Statistical Analysis. An independent Student′s t test was
used to compare the mean number of cells per mm2 and the mean
percentage of the section area occupied by GAG-positive cell clusters
(30 vs 60 days). All statistical calculations were performed using SPSS
(v22.0; IBM SPSS, Armonk, NY, USA). A p < 0.05 was considered
statistically significant.

3. RESULTS

3.1. BNC Disassembly. 3.1.1. Scanning Electron Micros-
copy (SEM) and Atomic Force Microscopy (AFM) Analyses.
Both methods for disentanglement of the BNC resulted in
significant reductions in fiber length and cross-section
diameter. AFM height images revealed that the BNC fibrils
were well-separated from each other after both hydrolysis and
ACC treatment. The average fibril diameter and length was 16
± 0.07 nm and 2 ± 0.4 μm, respectively, and the root-mean-
square surface roughness was 30 nm (Figure 1B).

3.1.2. Dynamic Light Scattering (DLS) and ζ-Potential.
DLS analysis of the distributions of the fibril hydrodynamic
sizes of the ACC-treated BNC showed a bimodal distribution,
with ∼50% of the fibers ranging from 70 to 200 nm and the
rest at between 5 and 6 μm. By contrast, in hydrolyzed BNC,
only ∼12% of the fibers ranged from 80 to 200 nm, whereas a
substantial portion (75%) ranged from 250 to 1900 nm and
the rest (12%) from 5 to 6 μm. The average fibril length of
hydrolyzed BNC was 1.25 ± 0.97 μm, whereas ACC-treated
BNC showed two distinct fibril sizes (denoting the multimodal
distribution of the fibrils), with one in the range of >3 μm,
whereas BNC particles were in the range of 120 nm (Figure
1C).
The hydrodynamic size of the hydrolyzed BNC showed a

trimodal pattern centered at 120 nm, 615 nm, and 5.6 μm.
These patterns were consistent with AFM images and
measurements. Furthermore, the ζ-potential of the hydrolyzed
BNC was considerably more negatively charged (−27.9 mV)
as compared with ACC-BNC (−11.3 mV).

3.1.3. Rheology. Both materials showed excellent shear-
thinning behavior and a wide biofabrication window (Figure
1D). Due to the longer fibrils and despite much lower solid
content, the ACC-treated BNC had a higher viscosity as
compared with that of the hydrolyzed BNC. The printabilities
of both bioinks were similar.
ACC-BNC was selected for in vivo evaluation due to its

higher viscosity at lower nanocellulose concentration. Human
nasal chondrocyte-laden constructs were 3D-bioprinted and
implanted in naked mice. See section 2.11 for details.

3.2. Chondrogenesis in Vivo. Of the 26 animals, 25
survived and could be sacrificed as planned. The one that did
not survive was found dead in the cage on the first

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.9b00157
ACS Biomater. Sci. Eng. 2019, 5, 2482−2490

2485

http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b00157/suppl_file/ab9b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b00157/suppl_file/ab9b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b00157/suppl_file/ab9b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b00157/suppl_file/ab9b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b00157/suppl_file/ab9b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b00157/suppl_file/ab9b00157_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b00157/suppl_file/ab9b00157_si_001.pdf
http://dx.doi.org/10.1021/acsbiomaterials.9b00157


postoperative day and belonged to the control group for the
study planned for day 60.
Macroscopically, the constructs were well-integrated and

had retained their 3D shape. The explanted 3D-bioprinted
constructs were white, shiny, and elastic and exhibited
excellent mechanical handling properties (Figures 1E and 2D).
Cartilage formation was observed in the human nasal

chondrocyte (hNC) group, as reflected by both a gradual
increase in the number of chondrocytes and a gradually
increased deposition of glycosaminoglycans from day 30 to day
60. There was also evidence of chondrocyte proliferation based
on the formation of clusters of GAG-positive cells. The clusters
were generally small, containing only two to five cells, but we
also observed larger clusters of up to 40 cells.
Group A (ACC-BNC with hNC) showed an abundance of

GAG-positive cells (Figure 2B,C), and at day 30, there were
32.8 ± 13.8 (mean ± SD) cells per mm2. During the time
course of the experiment, the number of cells increased
significantly, and at day 60, there were 85.6 ± 30.0 cells per
mm2 (p = 0.002). Additionally, the percentage of the area
occupied by GAG-positive cells increased significantly from 1.2

± 0.9% to 4.9 ± 1.9% (p = 0.004) at days 30 and 60,
respectively (Figure 2E). In group B (cell-free constructs), no
GAG-positive cells were found (histological images in Figure
2A and in Figure S2).
Immunohistochemical analysis revealed production of

human collagen type 2 in the same areas as that indicated by
the blue-stained glycosaminoglycans. Fluorescence in situ
hybridization (FISH) analysis confirmed that the GAG-
positive cells in the 3D-bioprinted constructs were mainly of
human origin and stained positive for both human X and Y
chromosomes, indicating that they were of male origin (i.e.,
derived from chondrocytes) (Figure 2F). The immunohisto-
chemical and FISH methods are described in Supporting
Information S6 and S7, respectively.

3.3. Skin Transplantation. The skin transplant had
integrated completely at 15 days after transplantation both
macroscopically and histologically (Figure 2G), with no
adverse tissue reactions, such as necrosis, observed. Addition-
ally, viable and GAG-producing chondrocytes were observed in
the ACC-BNC construct. Macroscopic images of the trans-
planted skin are provided in Figure S3.

Figure 2. Cartilage formation. No GAG-positive cells were detected in the cell-free controls (A). A significant proliferative effect was observed
between days 30 (B) and 60 (C). Magnification shows the cluster formations. Scale bars = 1000, 500, and 1000 μm, respectively. (D) Explanted
construct. Macroscopic appearance of ACC-treated and 3D-bioprinted BNC constructs at 60 days after subcutaneous implantation in a nude
mouse. A thin fibrous film encapsulates the construct, and angiogenesis can be observed macroscopically. The construct had retained its 3D shape
and was easy to handle surgically. (E) Chondrocyte proliferation. Bar charts showing cells/mm2 (left) and cluster area (right). (F)
Immunohistological and FISH analyses. The Alcian Blue staining of glycoseaminoglycans (top) corresponding well to the Collagen 2 depositions
(bright red, middle). FISH analysis (bottom) confirmed that the chondrocytes were of human origin, as well as derived from the male
chondrocytes. Scale bars = 100 μm. (G) Skin transplantation. Histological section of the skin graft on top of the ACC-BNC construct at 15 days
after transplantation. Alcian Blue and van Gieson staining show GAG-producing chondrocytes. The skin transplant is fully integrated, and there are
no signs of necrosis or adverse tissue reactions. Scale bar = 1000 μm.
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4. DISCUSSION

The excellent biocompatibility, rheological properties, print-
ability, tissue integration, and subsidizing features for
proliferation observed in vivo show that BNC disentangled
by the novel technique ACC represents a promising
biomaterial for bioprinting of human cartilage. This study
assessed the properties crucial for the use of BNC in
chondrogenesis with 3D-bioprinting technology. Additionally,
our in vivo experimental methodology was established to
mimic a real clinical situation.
Our results showed that the ACC method can be used to

create a printable hydrogel that provides a highly favorable
milieu for human cells. The fibril morphology of the bioink
played a decisive role in cell behavior, likely due to differences
in surface crystallinity. The ACC-treated BNC retained most of
the crystallinity, thereby allowing the Iβ allomorph to develop
at the surface.
According to previous surface analysis conducted by Kondo

et al.,54,56 ACC-induced pulverization of BNC led to unfolding
and exposure of internal surfaces, thereby increasing the total
surface area.57 The high adsorptivity found in the ACC-BNC is
most likely explained by the increased specific surface areas.
Additionally, the surface exposure of a larger portion of the Iβ
allomorph in the ACC-BNC is expected to exhibit increased
resistance against chemical reagents and less susceptibility to
enzymatic degradation as compared with the initial microbial
cellulose pellicle.
The transformation from crystallinity phase Iα to Iβ

occurred on the nanofiber surface, suggesting that the shear-
stress force conveyed by the collision energy of water at high
pressure in the ACC procedure caused rearrangement of
cellulose-molecule crystallinity. A previous study from
Yamamoto et al. reported that the Iβ phase was thermody-
namically more stable than the Iα phase.63 A subsequent study
from the same group also proposed that BNC secreted by G.
xylinus comprises a core of Iβ-rich domains surrounded by a
surface layer of cellulose Iα-rich domains.60 According to this
theory, a larger proportion of the more stable phase-Iβ-
enriched crystalline core is unfolded and exposed in ACC-
treated BNC, whereas the more fragile Iα-phase domains are
covered and, thus, protected by an outer surface of the more
resilient Iβ phase. The resulting advantageous features of ACC-
BNC are likely partially explained by this crystalline trans-
formation. The size distribution of the fibrils, with longer fibrils
observed in ACC-treated BNC, can also have a positive effect
on cell behavior. The lower negative-charge density (i.e., ζ-
potential) of the ACC-BNC fibrils might also advantageously
affect cell interactions.
Additionally, ACC-BNC showed a suitable rheological

profile, which is of central importance in the printability of a
bioink. The high water-binding capacity of these long fibrils
results in a bioink that needs only half the dry weight ACC-
BNC content as compared with hydrolyzed BNC, resulting in a
bioprinted structure containing less foreign material and
making it more attractive for use in clinical situations.
Furthermore, the postprinting shape fidelity of the constructs
was good and withstood degradation and decomposition in
vivo, with the explanted constructs largely unaffected after 2
months. Increased stiffness over time of the implanted 3D-
bioprinted BNC constructs containing chondrocytes as
opposed to cell-free constructs has been reported previously.8

The mechanism associated with this favorable development

has not yet been elucidated. In the present study, increased
chondrocyte number over time was accompanied by increases
in GAG-positive areas. The 3D-bioprinted cartilage was also
positive for collagen type 2, as expected in hyaline cartilage.
Therefore, it is plausible that the adequate matrix components
produced by the thriving chondrocytes are responsible for the
increased stiffness over time.
It is possible that chondrocyte proliferation will continue,

and that the number of matrix molecules will increase further,
eventually resulting in dense cartilaginous tissue. However, this
requires further testing in future studies, which also need to
evaluate the quality of the bioprinted cartilage in terms of
mechanical properties.
As a proof-of-concept to one crucial part of the future

clinical applicability, a skin graft was transplanted on top of the
3D-bioprinted BNC construct. The clinical counterpart could
be, for example, auricle reconstruction where the 3D-
bioprinted cartilaginous ear-shaped structures have to be
covered with skin, either with a skin graft, or with a flap. In this
study, no dehiscence or necrosis could be seen in the
histological analysis. This indicates that the 3D-bioprinted
BNC construct was able to provide the graft with sufficient
oxygen and nutrients before the neoangiogenic process had
been established.
For example, one clinical counterpart of the technology

described in the present study is auricular reconstructions. The
patient’s contralateral auricle is first scanned with MRI or a 3D
camera to generate the blueprint for the printer. Autologous
cells are harvested and mixed with the bioink, and the cell-
containing scaffold is printed by the 3D-bioprinter. The new
auricular construct is then implanted subcutaneously on the
patient’s forearm. Several weeks later, the patient is scheduled
for surgery, where the construct and the concomitant vessels
are detached and transposed to the right place. The transplant
is attached to temporal vessels via a microsurgical anastomosis
technique and, finally, covered with a split-thickness graft or a
local flap. Another clinical approach regarding nose recon-
struction using 3D-bioprinting technology has recently been
presented by Yi et al.64

Studies supporting FDA approval of BNC for use in humans
established an indisputable safety profile for some applications
of BNC,65,66 and the present study contributes to BNC
implementation in 3D-bioprinting technology. However,
further studies are required prior to clinical application. For
example, the inevitable degradation and subsequent loss of
support from the cellulose scaffolds will need to be assessed
over a longer period of time. Furthermore, potential deviation
to an endochondral ossification lineage, as well as conceivable
tumorigenesis, needs to be assessed in detail.
Moreover, the ACC-BNC bioinks need to be tested in

immune-competent animal models, such as mammalian
models of higher complexity (e.g., pigs), to evaluate the
influence of the unavoidable inflammatory response to all types
of transplantation of nonautologous material. Pigs utilize the
same skin-healing process as humans, making them a suitable
model. It is also worth noting that, in addition to
immunological deficiencies in nude mice, other differences
might also play a significant role in the overall healing process,
such as the presence of an additional muscle layer (panniculus
carnosus) in rodent skin anatomy.
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5. CONCLUSIONS
In this study, a novel method for disassembling BNC was
evaluated, with the results indicating that ACC treatment is a
useful method for rendering a printable material with sufficient
postprinting mechanical stability, as well as other advantageous
features, such as high water-retention capacity. Upon the
introduction of human cells, we observed excellent chon-
drocyte-proliferation capacity and tissue integration in vivo at
60 days after implantation in nude mice. Our findings suggest
that the novel ACC disentanglement technique renders BNC
bioink highly suitable for 3D-bioprinting in reconstructive
surgery.
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