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Abstract
Tunnelingwounds create passageways underneath the skin surfacewith varying sizes and shapes and can have twists and turns,
making their treatment extremely difficult. Available wound care solutions only cater to superficial wounds, and untreated
tunneling wounds pose major health concerns. This study aims to fulfill this challenge by fabricating tunnel wound fillers
(TWFs) made of natural polymers that mimic the dermal extracellular matrix. In this study, cellulose microfibers (CMFs)
derived from banana stem and fish skin-derived collagen were used to formulate bio-inks with varying CMF contents (25, 50,
and 75 mg). Tri-layered (CMFs, primary and secondary collagen coatings), drug-eluting (Baneocin), and cell-laden (human
mesenchymal stem cells) TWFs were three-dimensional (3D)-printed and extensively characterized. CMFs showed the most
suitable rheological properties for 3D printing at 50 mg concentration. The Alamar Blue data showed significantly increased
cell proliferation from Day 1 to Day 7, and scratch tests used to evaluate in vitro wound healing revealed that the best
coverage of the wound area was achieved using CMFs in combination with collagen and alginate. Finally, the TWF showed
promising capability and tunability in terms of wound shape and size upon testing on a chicken tissue model. The results
demonstrate the tremendous potential of TWFs in treating deep tunneling wounds with unique advantages, such as patient-
specific customization, good wound exudate absorption capability while releasing wound healing drugs, and the inclusion of
stem cells for accelerated healing and tissue regeneration.
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Introduction

The skin is the largest organ of a human body that protects the
internal organs from external invasions [1]. Several complex
and dynamic processes occur upon injuries, including inflam-
mation, hemostasis, and maturation by cell proliferation [2].
Among them, tunneling wounds are particularly difficult to
treat as they create passageways underneath the skin sur-
face, which vary in depth and length and can take twists and
turns. The tunnels can extend to form a full-thickness wound
into and through the soft tissue of the subcutaneous muscle.
The causes of tunneling wounds include infections associ-
ated with normal wounds, abscess formation, stalled healing,
shear forces and pressure on the skin (e.g., pressure ulcers),
comorbidities (e.g., diabetes), and prolonged drug use (e.g.,
antibiotics and corticosteroids) [3]. Available wound care
solutions only cater to superficial or surface wounds, and
the risk of untreated tunneling wounds poses major health
concerns [4].

While there are no ideal treatment methods for tunnel-
ing wounds, several attempts have been made to use the
acellular dermal matrix and biopolymer-based or hydrogel-
based formulations in a sheet or paste form [5]. While the
sheet form is a traditional wound dressing used for the treat-
ment of superficial wounds that are rolled and packed into
the tunneling wound, the paste form of the matrix or hydro-
gels is applied or packed directly into the wound, and the
latter is preferred for ease of use [5]. Examples of sheet-
based wound dressings include Graftjacket® regenerative
tissue matrix [6] and AlloDerm® [7]. Although sheet-type
wound dressings best suit superficial wounds, they are inef-
fective on tunneling wounds [5]. The limitations include the
rolling of the sheet into required tunneling wound diame-
ters and incomplete packing of the wound, which will result
in stalled healing, secondary infections, and other complica-
tions. The use of paste-typematrices or hydrogels overcomes
the limitations of sheet-type dressings and has been proven
to be effective for treating shallow tunneling wounds, such
as diabetic ulcers [8, 9]. However, paste-type matrices are
not ideal for deep tunneling wounds. The disadvantages of
paste-type matrix or hydrogels are felt during regular wound
dressings as the cleaning of the tunnels becomes extremely
difficult, and frequent dressings (to clean and pack the tunnels
to prevent further infection) might expose the wound and the
surrounding tissue to shear stresses and pressure, worsening
the tunnelingwounds.One solution is the use of bioprosthetic
plugs, such as Gore Bio-A® Fistula Plug [10], but they show
limitations, such as lack of biodegradation or long biodegra-
dation time, the dehydration of the wound site, and high
failure rates [11].Recent studies have demonstrated the use of
shape memory polymer hydrogels based on polyvinyl alco-
hol, cornstarch (CS) and gelipin for the treatment of Crohn’s
disease and other deep chronic wounds [11–14], as well as

microspheres [15]. However, these materials are not ideal for
tunneling wounds and cannot incorporate cells to accelerate
the healing process in tertiary wounds.

In this work, a bioprinted tri-layered cellulose/collagen-
based drug-eluting filler, referred to as the tunnel wound
filler (TWF), is proposed as a potential treatment option
for deep tunneling wounds to overcome the challenges
of deep tunneling wound treatment and the limitations of
available solutions. The role of collagen in wound heal-
ing is well-established owing to its bacterial resistance
and biodegradability [16–18]. In particular, marine collagen
derived fromfish offers good biocompatibility for cell growth
and mimics the native skin environment [19]. Furthermore,
cellulose and cellulose fibers have been investigated as a
potential wound dressing material [20], with the inclusion
of antibacterial silver [21] or other growth factors [22]. The
inclusion of cellulose fibers (micro/nano) contributes to the
enhancement of mechanical properties [23]. Hence, fish col-
lagen (COL) and cellulose microfibers (CMFs) were chosen
as the two main components of the TWF. Extrusion-based
three-dimensional (3D) bioprinting was used to fabricate the
TWF to provide accurate constructs, which can be wound-
and patient-specific with complex, chronic wound shapes.
Sodium alginate (SA) was used to suspend collagen-coated
CMFs, mainly for the post-printing crosslinking process,
which would impart structural stability to the printed TWF
constructs.

The proposed TWF, which involves bioprinted tri-layered
cellulose/collagen-based drug-eluting fillers, offers many
advantages compared to the current standard of care for
tunneling wounds: (1) patient- and wound-specific cus-
tomization based on the size of the wound, drug dosage
depending on the healing rate, and the possibility to incor-
porate patient-derived cells; (2) CMF/collagen bioactive
material-based structure that mimics the natural extracel-
lular matrix and provides ease of insertion/removal while
being structurally stable; (3) smooth outer surface and soft-
ness, thereby reducing the pressure on the wound and the
surrounding tissues and preventing further tissue damage
during insertion, removal, and physiological movements; (4)
good wound exudate absorption capability while releasing
wound healing drugs (the dosage of which can be controlled
andmodified with delayed healing). The tri-layer CMF/COL
combination offers unique qualities as the collagen plays a
biological role by allowing the TWF to closely mimic the
native skin matrix, whereas cellulose provides mechanical
strength and stability to the TWF; thus, it forms the main
core of the construct, whereas collagen forms the outer lay-
ers. The third collagen layer is included after crosslinking
with alginate to further enhance the biological compatibility.
This tri-layer structure allows for more control and easier
customization, allowing a myriad of drug combinations and
release rates at different dosages. In addition, the sources
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Fig. 1 Scheme depicting the
chemical and mechanical
procedures used to isolate
cellulose microfibers (CMFs)
from banana stems

of the biomaterials used in this work are environmentally
friendly and sustainable. Collagen is derived from fish skin
that was discarded, while CMFs are isolated from banana
stems (kitchen waste), both contributing to a circular econ-
omy model.

This work can be divided into four parts: (1) sustain-
able utilization and extraction of CMFs from banana stems;
(2) encapsulating CMFs in fish skin-derived collagen and
the formulation and physicochemical characterization of the
bioactive hydrogel; (3) bio-ink formulation, drug encapsula-
tion, 3D printing and bioprinting of TWFs; (4) application
of biologically active and structurally stable TWFs for tun-
nel wound care. After the thorough characterization of the
microstructural, physiochemical, and mechanical properties,
swelling rate, weight loss, and drug release rate, the bio-
compatibility of the 3D-bioprinted TWFs was evaluated
using Alamar Blue (AB) metabolic activity and live/dead
assay with human mesenchymal stem cells (hMSCs), and
in vitro wound healing evaluation was performed using
scratch tests with mouse embryonic fibroblasts (MEFs).
Finally, the 3D-printed TWFs were tested for their suitability
and applicability using the chicken tissue wound model for
tunneling wound care applications.

Materials andmethods

Isolation of CMFs

Figure 1 shows the procedure used to isolate CMFs from
banana stems. Briefly, banana stems were collected from
kitchen waste, dried at 40 °C in a hot air oven for three days,
followed by air-drying, and powdered using a kitchen mixer

grinder. Powdered fibers (100 mg) were soaked in 1 mol/L
NaOH solution with rigorous stirring for 24 h at 60 °C. Con-
sequently, the fibers were washed with Millipore water until
the pH reached 7. The solution was filtered, washed, and
lyophilized.

Bleaching and hydrolysis of cellulose

The lyophilized powder was dissolved in 500 mL of H2O2

solution at a ratio of 1:1 at 75 °C for 30-min bleaching.
The sample was filtered and washed again with Millipore
water. After bleaching, the banana stem-derived cellulose
fibers were treated with 1% (volume fraction) H2SO4 for 1 h
at 80 °C. After washing with water, the fibers were filtered
and stored at 4 °C for the production of CMFs.

Ultrasonication

Ultrasonication using an ultrasonic probe at a specific ampli-
tude of 70% for 4 h was performed to produce microfibers.
To avoid overheating during sonication, the flask containing
the fibers was placed in an ice bath. After sonication, the
CMFs were separated using centrifugation at 4000 r/min for
30 min. The fibers were collected as pellets and stored at 4
°C for further studies.

Encapsulation of CMFs with fish skin-derived
collagen

The discarded marine grouper fish skin waste bought from
Zayed Port, Abu Dhabi, UAE, was sustainably utilized for
collagen extraction according to a previously published pro-
cedure [24]. Collagen (200 mg) was diluted in 5 mL of
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Fig. 2 a Scheme depicting the primary coating on CMFs and the
secondary coating after the 3D printing of collagen-coated CMFs.
b Scheme depicting the fabrication of 3D-printed TWFs. c 3D

bioprinting of 50CMF/COL-based TWFs with hMSCs (200,000 cells
per construct). CMFs: cellulosemicrofibers; hMSCs: humanmesenchy-
mal stem cells; TWFs: tunnel wound fillers; COL: collagen
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phosphate-buffered saline (PBS) while maintaining the pH
value at 7.4 using a magnetic stirrer and then neutralized.
PBS was chosen owing to its similarity to physiological con-
ditions in pH and ionic composition [25]. The solution was
incubated for 2 h at 37 °C for hydrogel formation. CMFs in
various ratios (25, 50, and 75 mg by weight) were prepared,
named 25CMFs, 50CMFs, and 75CMFs, respectively, based
on the CMF content. CMFs were mixed with the collagen
solution and stirred overnight for complete encapsulation.
Afterward, the hydrogels were lyophilized and stored at 4
°C for hydrogel formulation. The procedure is illustrated in
Fig. 2a.

Characterization of CMF/COL hydrogels

The lyophilized CMF/COL fibers were imaged using scan-
ning electron microscopy (SEM, QuantaTM 450 FEG, FEI
Company, USA). Fourier transform infrared (FTIR) spec-
troscopy (Invenio S, Bruker, USA) was used for the anal-
ysis of the functional groups of CMF/COL hydrogels in
the range of 400–4000 cm−1. A thermogravimetric analyzer
(TGA, TG209 F1 Libra, Netzsch, Germany) was used to
evaluate the thermal stability of CMF/COL fibers. To check
the crystalline structure of CMFs, X-ray diffraction (XRD,
Empyrean 3, Malvern Panalytical Pvt. Ltd., UK) was used
at room temperature from 2° to 400° (2θ ). To confirm col-
lagen coating on CMF fibers, Raman spectroscopy (alpha
300, WITec, Germany) was used and Raman spectra were
recorded in the range of 0–3500 cm−1 using a 600-mW laser.
The mechanical and compressive properties of 3D-printed
TWFs were measured using theMACH-1 v500 (Biomomen-
tum Inc., Canada) instrument.

3D printing of TWFs

Rheology tests

SA was used for suspending collagen-coated CMFs, mainly
for the post-printing crosslinking process that would impart
structural stability to the printed TWF constructs. SA (25
mg; Spectrum® Chemical Mfg. Corp., Gardena, CA, USA)
was added to the three CMF/COL lyophilized powders in
4 mL of Dulbecco’s modified Eagle’s medium (DMEM) and
stirred thoroughly to develop a 3D printable ink. ElastoSens
Bio 2 (Rheolution Inc., Canada) was used to character-
ize the rheological properties at different concentrations of
CMF hydrogels. A minimum hydrogel volume of 4 mL was
required for each test and one test lasted 90 min to reach a
steady state. All the tests were performed at 24 °C (room
temperature). Shear storage modulus and shear loss modulus
over time were obtained.

3D printing of TWF hydrogels

The RegenHU 3D-Discovery bioprinter (RegenHU Ltd.,
Switzerland) was used for the 3D printing of TWFs (Fig. 2b).
The formulated ink (3 mL) was filled into the cartridge
and printed using a conical needle with an internal diam-
eter of 1.5 mm, a feed rate of 4 mm/s, and a pressure of
0.03 MPa. After successful printing, the construct was ioni-
cally crosslinked with 250 mmol/L CaCl2 for 5 min to obtain
a stable structure and washed gently with PBS. In the bio-
printed constructs (Fig. 2c), the same formulation was used
with 200,000 cells per construct. Consequently, they were
used for subsequent characterizations and experiments.

Swelling/degradation test

To analyze the swelling ratio (SR), lyophilized TWFs were
weighed (W i) and soaked in PBS solution at room tempera-
ture. At specified time points (1, 6, 12, 24, 48, and 72 h), the
sample was taken out and weighed (W t). The SR is described
by the following equation:

SR � Wt − Wi

Wi
× 100%. (1)

Similarly, degradation rate (DR) experiments were con-
ducted with specific modifications. The TWF sample was
soaked in PBS, taken out at the defined time points,
lyophilized, and then weighed (Wdt). The DR is described
by the following equation:

DR � Wi − Wdt

Wi
× 100%. (2)

In vitro release rate of Baneocin

An in vitro drug release study was performed to analyze
the drug release rate of TWFs coated with Baneocin pow-
der (a common skin antibiotic drug) at different pH values.
Baneocin-coated TWFs were immersed in 1 mL of the sim-
ulated body fluid (pH 7.4, PBS) or diluted HCl (pH 5) and
gently rotated at 100 r/min. At predetermined intervals (0, 2,
6, 12, 24, and 48 h), 200 μL of the solution was taken out,
while the same volume of the fresh solution was replaced
accordingly to maintain the original volume of 1 mL. The
amount of Baneocin released was determined by measuring
the absorbance at 310 nm. All experiments were performed
in triplicate.
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Biocompatibility evaluation of 3D-bioprinted TWFs

Cell culture

Commercially acquired human mesenchymal stem cells
(hMSCs) (immortalized human bone marrow mesenchy-
mal stromal cells, hTERT iMSC3, Catalog No. T0529,
Applied Biological Materials Inc., Richmond, BC, Canada)
were cultured in DMEMmedia (DMEM supplemented with
2 mmol/L L-glutamine, 5% fetal bovine serum (FBS), and
1% penicillin–streptomycin). The culture was further main-
tained in an incubator (5% CO2, 37 °C) for proliferation.
Cells were trypsinized, sub-cultured, and harvested for 3D
bioprinting after confluency. All the bio-ink preparation was
conducted under sterile cell culture conditions in a laminar
airflow chamber. The 3D bioprinting hood was properly ster-
ilized using 70% ethanol and ultraviolet (UV) for 4 h before
printing. Each 3DCMF/COL-based TWF construct was bio-
printed with 200,000 cells for all the subsequent biological
experiments.

Bio-ink preparation and bioprinting

The bio-ink preparation was conducted using the procedure
described in our previous article [26]. Figure 2c shows the
schematic representation of the 3D bioprinting process. In
detail, the 50CMF/COL bio-ink was mixed with 25 mg of
SA (Spectrum® ChemicalMfg.Corp.,Gardena,CA,USA) in
4mL of DMEMmedia to develop a 3D printable ink; hMSCs
were then mixed (200,000 cells/construct) and loaded into
a 3-mL extrusion cartridge, and bioprinting was performed
using a needle with an internal diameter of 1.5 mm at a feed
rate of 4 mm/s and a pressure of 0.03 MPa. After successful
bioprinting, the TWF constructs were ionically crosslinked
with 250 mmol/L CaCl2 for 5 min, followed by 15 min of
incubation in 0.2% FBS solution. Then, the bioprinted con-
structs were immediately transferred to cell culture media
(DMEM with 10% FBS and 1% penicillin–streptomycin)
and incubated at standard culture conditions.

Cell viability and proliferation

To quantitatively analyze the cell proliferation of hMSCs
in 3D-bioprinted TWF constructs, the AB assay (BioSource
International, Camarillo, CA, USA) was used to measure
the metabolic activity as per the manufacturer’s proto-
col. Live/dead staining with calcein AM and ethidium
homodimer-1 (LIVE/DEAD™ Viability/Cytotoxicity Kit,
Thermo Fisher Scientific, USA) was performed to visualize
the viability of hMSCs in the 3D constructs as per the man-
ufacturer’s protocol. Imaging was performed using a Leica
SP8 confocal laser scanning microscope.

In vitro wound healing assay

In vitro cell migration studies with MEF cells were per-
formed to evaluate the wound healing potential using a
previously described method [27]. Briefly, 200,000 cells/mL
were seeded in 6-well plates and cultured overnight. Con-
sequently, the cells were washed with PBS, and a scratch of
1mmwidthwas gently created using a sterile pipette tip. PBS
was used to remove the detached cells with gentle washing.
Cells were treated with 100 μL of the collagen solution and
Baneocin (a standard drug used inwound healing) extract and
incubated for 24 h. Untreated cells were used as the negative
control. Images were taken using an inverted microscope.
ImageJ wound healing size tool plugin was used to measure
the change in the wound area over 24 and 48 h. The line
graph was normalized to the initial area for each condition.
All experiments were performed in triplicate (n � 3).

Chicken tissuemodel for tunneling wounds

To check the suitability and applicability of 3D-printed
TWFs, a chicken breast tissue wound model was developed.
Briefly, a whole chicken tissue was purchased from the mar-
ket, and two full-thickness wounds were created on the side
of the breast with deep tunneling (depth: 1.5 cm) using a sur-
gical knife. Then, 3D-printed TWFs were inserted into the
deep tunneling wounds to evaluate their applicability.

Statistical analysis

All experiments were conducted with n � 3, and the numer-
ical and graph results are illustrated as mean ± standard
deviation (SD). Data significance was determined using a
two-tailed t test per group where P < 0.05 is considered sig-
nificant.

Results

Extraction, formulation, and characterization
of CMF/COL inks

After the step-by-step isolation process as described in
Sect. "Materials and methods," CMFs were coated with fish
skin-derived collagen (COL) (Figs. 3a–3c) to improve their
bioactivity. The representative images of 50CMF/COL are
shown in Figs. 3a–3c, and the same procedure was followed
for the other two concentrations (the primary collagen coat-
ing).

The difference between the surfaces coated with colla-
gen and those without collagen can be clearly seen in the
SEM images shown in Figs. 3g–3l. CMFs without the pri-
mary collagen coating have a smooth surface (Figs. 3g–3i),
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Fig. 3 a–f Formulation of CMF/COL and CMF/COL/ALG for the
fabrication of TWFs: a process of collagen coating on CMFs; b, c air-
drying of collagen-coated CMFs; d–f three different concentrations of
CMF/COL/ALGhydrogels. g–lSEMmicrographs ofCMFswithout the

primary collagen coating (g–i) and with the primary collagen coating
(j–l). CMFs: cellulose microfibers; TWFs: tunnel wound fillers; SEM:
scanning electron microscopy; COL: collagen; ALG: alginate

whereas CMFs coated with collagen have a rough and wavy
surface (Figs. 3j–3l). It can also be seen from Figs. 3j–3l that
the CMFs are completely covered with collagen, proving the
effectiveness of the coating.

To support the observations made using SEM, CMFs, col-
lagen, and the CMF/COL ink were characterized by FTIR

spectroscopy to determine the presence of collagen over
CMFs. The FTIR spectra of CMFs, COL (collagen), and the
50CMF/COL ink are shown in Fig. 4a. The peaks obtained
at approximately 3289, 2926, 1634, and 1535 cm−1 for the
50CMF/COL ink correspond to the O–H&N–H, C�O, and
amide stretching vibrations, respectively. These are the main
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Fig. 4 a FTIR spectra of CMFs, COL, and the CMF/COL hydrogels.
b Raman spectra of CMFs, COL, and the CMF/COL hydrogels. c TGA
thermogram of CMFs, COL, and the CMF/COL hydrogels. FTIR:

Fourier transform infrared; CMFs: cellulose microfibers; COL: colla-
gen; TGA: thermogravimetric analyzer

functional groups for CMFs and collagen, which were also
present in pure CMFs and pure collagen. In the CMF/COL
ink, the bands corresponding to N–H and O–H stretching
shifted to the lower wavenumber of 3289 cm−1 (3334 cm−1

for CMFs), while the C � O bands of CMF/COL shifted to
1634 cm−1. Some shifts in the characteristic peaks of CMFs
and collagen were observed in the CMF/COL ink. The broad
peaks at 3289 cm−1 corresponding to the N–H stretching
vibrations of the amine groups of fish-derived collagen could
interact with the O–H stretching of CMFs [28, 29].

Further, the successful coating of CMFs with collagen
was confirmed usingRaman spectroscopic analysis (Fig. 4b),
indicating the presence of cellulose and collagen in the
CMF/COL formulation. The spectral data of lyophilized
CMFs, collagen, and the CMF/COL material showed peaks

at 1170, 1265, and 1672 cm−1, indicating the presence of col-
lagen [30]. The characteristic peaks representing cellulose at
1083 and 1450 cm−1 were also observed [31]. Themain char-
acteristic peaks for CMFs and collagen were present in the
CMF/COL ink. These results confirm the successful coating
of collagen on the CMFs.

Figure 4c shows the TGA thermograms of CMFs, COL,
and the CMF/COL ink. For collagen, the major weight loss
occurred in the range of 200–500 °C, and for CMFs, it
occurred between 300 and 400 °C (indicating the decom-
position of cellulose). In both collagen and CMFs, the first
thermal degradation mainly indicates the loss of free and
bound water molecules [31]. The data show that the ther-
mal stability of the CMF/COL composite was improved
compared to pure collagen owing to the crosslinking and
association of cellulose and collagen molecules [32]. While
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the onset temperature of pure collagen was in the range of
150–250 °C, the thermal degradation range of bothCMFs and
CMF/COLwas 300–400 °C,withmore than 70%weight loss
happening within this range.

Rheology, 3D printing, and secondary collagen
coating of CMF/COL/ALG inks

Three different concentrations of CMF/COL/ALG
inks (25CMF/COL/ALG, 50CMF/COL/ALG, and
75CMF/COL/ALG) were prepared, as shown in Figs. 3d–3f.
The printability of the three ink formulations was evaluated,
as shown in Figs. 5a–5c. While the 25CMF/COL/ALG ink
completely covered the pores, the 50CMF/COL/ALG and
75CMF/COL/ALG inks had better printability. The viscosity
of the inks increased with increasing CMF concentration,
with 25CMF/COL/ALG having the lowest viscosity and
75CMF/COL/ALG having the highest viscosity. This can
also be explained by the rheological properties of these inks,
shown in Fig. 5d. All the inks had a higher storage modulus
than loss modulus, indicating that the ink behaves more like
a gel than a solution and that the magnitude of the modulus
increases with increasing CMF concentration.

Figure 5e shows the SR of the three different
CMF/COL/ALG-based TWF constructs. The SR increased
exponentially for 6 h (around 250%–300% from the ini-
tial dry weight) after which the fluid uptake stabilized at
an equilibrium state. The presence of hydrophilic groups
in the CMFs contributes to these high SRs [33]. This is
proven by the data (Fig. 5e), where the increased concentra-
tion of CMFs led to a higher swelling ratio. For example,
after 12 h, the swelling ratios of the 25CMF/COL/ALG,
50CMF/COL/ALG, and 75CMF/COL/ALG inks were (294
± 14)%, (316 ± 21)%, and (348 ± 15)%, respectively.

Figure 5f shows theweight loss profiles ofTWFconstructs
monitored for 72 h. A controlled weight loss over time was
observed in all three groups. The degradation in weight is
contributed by two factors: the release of collagen and the
breaking of crosslinked polymeric chains. The rate of degra-
dation mostly follows the CMF concentration, and the DR
decreases as the CMF concentration increases.

Figure 5g shows the 3D-printed TWF using the
50CMF/COL/ALG ink immediately after printing and
crosslinking. Once the constructs were printed, the sec-
ondary collagen coating was performed over the printed
TWF constructs (tubular constructs are shown in Fig. 5g).
The SEM images of the printed constructs with and with-
out secondary collagen are shown in Fig. 6. Similar to the
observations after the primary collagen coating, the surfaces
without the secondary collagen coating (Figs. 6a–6c) were
smooth compared to those with the secondary collagen coat-
ing (Figs. 6d–6f).

Drug-loaded TWFs

The prospects of drug-loaded TWFs for wound healing
were evaluated with Baneocin. Baneocin is a widely used
antibiotic for treating skin infections, and it was found
to be an effective antibacterial drug. In this study, two
sets of TWFs were used. The first set of TWFs was the
same as that fabricated previously, as shown in Fig. 5g,
with the secondary collagen coating on 3D-printed TWFs
(50CMF/COL/ALG). The second set comprised 3D-printed
TWFs (50CMF/COL/ALG) coated with Baneocin solution
instead of the secondary collagen coating, with all the other
procedures and parameters being the same. Different pH val-
ues were selected to mimic different environments, such as
pH 5 to mimic a slightly acidic infectious state and pH 7
for the neutral state [34]. Figure 7 shows that the cumula-
tive release profile of Baneocin normalized to the collagen
only controls at acidic and neutral pH. All the release profiles
showed an increasing release with time as expected, with a
higher release rate and burst release at pH 5.

Fabrication, 3D printing, and bioprinting of TWFs

After successfully proving that drug-loaded TWFs can be
fabricated, we attempted to incorporate stem cells into the
50CMF/COL/ALG ink to bioprint cell-laden TWFs. hMSCs
wereused in this study. Figure 8j shows thebioprintedhMSC-
laden TWFs. The bio-ink supported the survival, growth,
and proliferation of cells, as shown in Fig. 8. The live/dead
staining and 4’,6-diamidino-2-phenylindole (DAPI) staining
images of hMSCs on Day 3 are shown in Figs. 8b and 8c
respectively, whereas Fig. 8a shows the control with no cell
for Day 3. Similarly, the live/dead staining and DAPI stain-
ing images of hMSCs on Day 5 are shown in Figs. 8e and
8f respectively (Fig. 8d shows the control with no cell for
Day 5) and the images on Day 7 are shown in Figs. 8h and 8i
respectively (Fig. 8g shows the control with no cell for Day
7). Cell viability was also quantitatively measured using the
AB assay, and the results shown in Fig. 8k corroborate the
qualitative live/dead and DAPI staining results. There is sig-
nificant cell proliferation on Day 7 compared to that on Day
1, as shown in Fig. 8k.

Scratch test for the evaluation of in vitro wound
healing

To evaluate the wound healing potential, 100 μL of the pure
alginate (ALG), CMF/ALG, and CMF/COL/ALG extracts
was added to each well containing MEFs. The results are
shown in Fig. 9. Figures 9a–9d show the images taken
immediately after scraping the cell layer, which formed a
breach, and the migratory potential of MEFs is shown in
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Fig. 5 3D printability of a 25CMF/COL/ALG, b 50CMF/COL/ALG,
and c 75CMF/COL/ALG hydrogels, and d rheological properties,
e swelling ratio, and f degradation rate of g 3D-printed TWF with the

50CMF/COL/ALG ink immediately after crosslinking. Data in (e, f) are
expressed as mean±SD (n=3). CMFs: cellulose microfibers; COL: col-
lagen; ALG: alginate; SD: standard deviation
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Fig. 6 SEMmicrographs of cellulose-based 3D-printed TWFs with and
without secondary collagen coating: a–c smooth surfaces of TWFs
without collagen coating; d–f rough surfaces of TWFs indicating the

post-printing collagen coating. SEM: scanning electron microscopy;
TWFs: tunnel wound fillers

Fig. 7 Drug (Baneocin) cumulative release profile in acidic and neutral
environments over 48 h. Data are expressed as mean± SD (n � 3, *p≤
0.05). SD: standard deviation

Figs. 9e–9h (24 h) and Figs. 9i–9l (48 h). Figure 9m pro-
vides the quantified scatter plot data, showing that while
MEFs migrated well in the presence of all hydrogels, those
treated with CMF/COL/ALG almost completely covered the
scratched wound areas in 48 h. The other two groups ALG
and CMF/ALG, although performed better than the control
group, did not completely cover the wound areas.

Testing of 3D-printed TWFs on the chicken tissue
woundmodel

A chicken tissue model was used to demonstrate the suit-
ability of using 3D-printed TWFs for tunneling wound care
applications. Two deep tunnel wounds with a diameter of
5 mm and a length of 1.5 cm were formed on the chicken
tissue as described in Sect. "Materials and methods," and the
3D-printed TWFs were inserted into the wounds.

Figures 10a and 10b show the 3D-printed TWFs inserted
into the wounds. As shown in Fig. 10a, the structural sta-
bility and flexibility of the 3D-printed 50CMF/COL/ALG
TWF indicated that the TWF hydrogel is suitable for inser-
tion into deep tunneling wounds with twists and turns. The
3D-printed TWF revealed a smooth surface and softly curved
edgeswith amoist environment (Fig. 10b).After creating two
deep tunnelingwounds (Fig. 10c), eachwoundwasfilledwith
the 3D-printed TWFs (Fig. 10d). Video S1 (Supplementary
Information) demonstrated the creation of tunneling wounds
and the insertion of the TWFs.

Discussion

Tunneling wounds are among the most difficult skin injuries
to treat as they can create deep and complexwounds under the
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Fig. 8 Live/dead staining of hMSCs in 3D-bioprinted TWF tissue con-
structs on Days 3, 5, and 7 (green: viable cells). a, d, g control groups
without cells. b, e, h Fluorescent staining of cells counterstained using
calcein AM and ethidium homodimer-1. c, f , i Fluorescent staining of
cell nuclei in bioprinted TWF tissue constructs counterstained using

DAPI. j 3D-bioprinted TWF constructs. k AB assay bar graph on Days
1, 3, and 7 for cell proliferation.Data are expressed asmean±SD (n�3,
*p≤ 0.05). hMSCs: humanmesenchymal stem cells; AB: Alamar Blue;
AM: acetoxymethyl ester form; DAPI: 4’,6-diamidino-2-phenylindole;
TWFs: tunnel wound fillers

skin surface [3]. Available solutions only cater to superficial
wounds; however, several new treatment options have been
researched such as biopolymer sheets or pastes [5], acellular
alternatives [8, 9], and shape memory polymers [13]. The
aforementioned methods have limitations regarding proper
wound packing, accessing the deep wound area, compatibil-
ity, and biodegradability.

In this work, we proposed a tri-layered cellulose/collagen-
based drug-eluting filler (TWF) to overcome these chal-
lenges. Initially, the CMFs were successfully coated with
collagen as the primary coating to enhance bioactivity, as
shown in the SEM images in Fig. 3. To ensure that the coating
was successful, FTIR and Raman analyses were conducted,
and the results confirmed the presence of CMF and collagen
(Figs. 4a and 4b).
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Fig. 9 Scratch test used to evaluate in vitro wound healing. a, e, i Con-
trol group. b, f , j Treated with the alginate extract. c, g, k Treated with
the CMF/ALG extract. d, h, i Treated with the CMF/COL/ALG extract

showing the fastest migration of fibroblasts. m Scatter plot showing
quantified wound closure area with time. CMF: cellulose microfiber;
COL: collagen; ALG: alginate

To act as a proper wound filler, the TWF must have
good printability and rheological properties. Different
CMF/COL/ALG inks were prepared and tested. As shown
in Figs. 5a–5c, 75CMF/COL/ALG (with the highest con-
centration) had a higher viscosity and therefore improved
printability, whereas 25CMF/COL/ALG (with the lowest
concentration) was almost like a liquid and completely cov-
ered the pores. This is because the viscosity of the ink
increases with the CMF concentration owing to its enhanced
mechanical properties. This can also be observed in the rhe-
ological analysis of the inks shown in Fig. 5d. All inks had
a higher storage modulus than loss modulus, indicating that
the ink behaves more like a gel than a solution. In addi-
tion, the magnitude of the modulus increases with increasing
CMF concentration. Viscosity and modulus affect not only
printability but also post-printing cell viability owing to high

shear stress [35]. Hence, the 75CMF/COL/ALG ink was
not selected owing to the remarkably high storage modulus,
whereas the 25CMF/COL/ALG ink failed in the printability
test. Further optimizations of the inks and printing param-
eters are possible but because we aimed to address the
challenges in treating tunneling wounds, we selected the
50CMF/COL/ALG ink for further experiments.

The designed ink needs to exhibit appropriate and tunable
swelling and degradation rates to enhance drug delivery. The
presence of hydrophilic groups in theCMFs contributes to the
high SR, shown in Fig. 5e [33].Good swelling properties pro-
vide an appropriate 3D structure and favorable environment
for cell infiltration, nutrient diffusion, cell migration, and the
removal of waste products [31].Moreover, the relatively high
fluid uptake capability of these hydrogels might be an advan-
tage for wound dressing and tissue engineering applications
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Fig. 10 Chicken tissue model to
test the suitability of TWFs in
tunneling wound management. a,
b 3D-printed
50CMF/COL/ALG-based TWFs.
c Wound model with a diameter
of 5 mm and a length of 1.5 cm
(before packing with TWFs).
d Packing of tunnel wounds with
3D-printed TWFs (after packing
with TWFs). TWFs: tunnel
wound fillers; COL: collagen;
ALG: alginate

as the TWF can be inserted in a shrunken state and expand to
fit a broad range of wound depths and shapes while maintain-
ing the smoothness and softness of the external collagen layer
[36]. Furthermore, the weight degradation curve presented in
Fig. 5f shows controlled degradation over time,mainly owing
to the release of collagen and the breakage of crosslinked
polymer chains. Although the weight decreased, the struc-
tural stability of the constructs was preserved to some extent,
so that they did not completely disintegrate and maintained
their cord-like tubular form. The DR is inversely propor-
tional to the CMF concentration; as the CMF concentration
increases, the DR decreases. TWF constructs with higher
CMF contents underwent lower weight loss owing to the
higher crystallinity of cellulose materials undergoing degra-
dation in specific enzymatic, autocatalytic, and hydrolytic
conditions [33]. By tuning the concentrations of CMFs, the
degradation and in turn, the drug release rate (when loaded
with drugs) can be controlled, opening the possibility of con-
trolled drug release [37].

The potential of drug-loadedTWFs forwoundhealingwas
evaluated with Baneocin. Baneocin is a common drug used
for treating skin wounds. The use of nanocellulose and its
high binding capacity due to its surface-area-to-volume ratio
allows for tunability and control necessary for advanced drug
delivery systems [38]. To evaluate drug release, Baneocin
was coated on the TWFs, and the release profile was mea-
sured at different pHs, as shown in Fig. 7. Generally, the
release stages can be divided into three phases, namely the
burst release phase, the nonlinear monotonic release phase,
and the final release phase [39]. Both profiles show increas-
ing release with time as expected. However, the burst release
is the most prominent phase under acidic conditions (pH 5),
which stabilizes after 2 h and maintains a linear phase, with a

significantly higher drug release than that under neutral con-
ditions. This is expected as the active ingredient of Baneocin
is Neomycin, which is an antibiotic agent that operates better
in acidic microenvironments to inhibit bacterial growth and
promote healing [40]. These results suggest that 3D-printed
TWFs are suitable for sustained drug delivery applications
in tunneling wound care treatments.

Upon proving the drug-loading ability of TWFs, the main
challenge is the successful incorporation and survival of
cells. hMSCs were used in this study as they are multipotent
with the ability to differentiate into several lineages, includ-
ing bone, cartilage, fat, and skin. The staining and AB data
in Fig. 8 confirm the cell survival and significant growth
over seven days. Furthermore, a scratch test result shown in
Fig. 9 corroborates that the CMF/COL/ALG combination
provides the best environment for wound healing. These
results strongly indicate that the collagen-incorporated
CMF/COL/ALG ink might accelerate the wound healing
process [41]. Specifically, fish-derived collagen is known
to enhance fibroblast and keratinocyte migration within the
wound area by activating the genes responsible for wound
healing [42] owing to its similarities with human dermal
collagen [43].

Finally, the robustness, flexibility, and feasibility of the
TWFs were tested using a chicken tissue model (Fig. 10).
The 3D-printed CMF/COL/ALG-based TWFs easily pene-
trated and completely packed the tunnel wound. The softness
of the TWFs allows for smooth contact with the surrounding
damaged tissue in deep tunnel wounds and provides favor-
able conditions for healing [44], verifying that the bio-ink
(cellulose–collagen blend) developed in this work provides
a favorable 3D microenvironment for cell adhesion, migra-
tion, and proliferation. These results indicate that cell-laden
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TWFs can be bioprinted with the potential to treat tertiary
tunneling wounds, where stem cells can be used to augment
the healing process or in the regeneration of damaged tissues.

Future studies are required to further optimize the bio-ink
composition and fine-tune it with more complex shapes and
different drug combinations with diverse release rates, which
can help create patient-specific healing methods for chronic
wounds, along with possible differentiation of stem cells and
in vivo studies before clinical translation.

Conclusions

3D-printed tri-layered drug-eluting TWFs were fabricated
as a proof of concept for the treatment of deep tunnel-
ing wounds. The extraction of cellulose microfibers from
banana stems and coating them with fish skin-derived colla-
gen yielded a good blend thatmimics the dermal extracellular
matrix and provides balanced mechanical and biological
activity. Successful collagen coating was confirmed using
SEM, Raman, and FTIR characterization methods. Three
different concentrations of CMFs (25, 50, and 75 mg) were
tested; the one with lowest CMF concentration had the least
viscosity and poor printability, whereas that with the highest
concentration was too viscous. Hence, 50CMF/COL/ALG
was chosen, andTWFswere bioprinted. TheABdata showed
that the bioprinting of hMSC-laden TWFs supported cell sur-
vival, growth, and proliferation over seven days. The scratch
test showed a clear advantage of the CMF/COL/ALG com-
bination, which yielded the best coverage of the wound
area. Drug-eluting TWFs incorporating Baneocin showed
a controlled drug release rate and opened the possibility
for fabricating TWFs with various drugs for wound healing
and tunable release rates depending on the healing progres-
sion. The structural stability and flexibility of the 3D-printed
50CMF/COL/ALGTWFs indicated that they are suitable for
insertion into deep tunneling wounds with twists and turns,
as confirmed by the chicken wound model.
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